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Sustainable development is gaining popularity around the globe nowadays. The rapid 
development in Singapore has resulted in significant amount of waste generation from 
various sectors. Being a small country with limited natural resources, it is timely to 
explore the potential of recycling these waste materials into resources for construction-
related applications. The Building and Construction Authority (BCA) has been 
working closely with industry partners to promote wider adoption of sustainable 
materials in our built environment. The idea of reusing aggregates from local 
demolition waste for structural concrete was one of the strategies used. Recycled 
aggregates (RA) are comprised of crushed, graded inorganic particles processed from 
the materials that have been recovered from the constructions and demolition debris.  
For the conservation of natural resources, reusing and recycling of construction 
and demolition waste (C&DW) is the most obvious way to achieve sustainability in the 
construction sector. Currently, recycled concrete aggregate (RCA) is produced from 
C&DW in modern recycling facilities, under good quality control provisions which 
could lead to improve merits in performance compared with the earlier days of 
recycling. A recycled aggregate concrete (RAC) produced with the combination of 
natural aggregate (NA) and recycled concrete aggregate (RCA) is obviously more 
sustainable and economical than using conventional natural aggregate concrete (NAC) 
alone. 
The aim of this study is to compare the engineering properties as well as 
durability performance of RAC to the conventional concrete. This particular study 
shows that the properties of aggregates (i.e. physical, mechanical, and chemical), and 
hence the quality of RCA is varies from the 4 different major recycling plants. The 
 viii
first step in the investigation involved the characterization of RCA through testing 
including physical, mechanical and chemical. Aggregates were classified based on the 
requirements of SS EN 12620:2008 which provided the main guidance for aggregates 
for concrete. Following the establishment of the aggregates conformity for concrete 
production, a further in-depth investigation involved the production of designed 
concrete mixes; Grade 30, Grade 60 and Grade 80 with the natural aggregates being 
replaced by RCA in various proportions (20%, 50% and 100%). The investigation 
included assessment of the engineering properties (i.e. compressive strength, flexural 
strength, tensile splitting strength, modulus of elasticity and drying shrinkage) and the 
durability properties (i.e. rapid chloride permeability test) of equivalent strength 
concrete in the fresh state as well as in the hardened state. 
 Based on the findings, it was found that concrete properties of Grade 30 
containing different percentages of recycled aggregates did not differ much compared 
to the control mixes, provided that the effective water/cement ratio was kept constant. 
However, for concrete properties of Grade 60 and Grade 80 it was generally observed 
that the higher replacement % of recycled aggregates lowered the strength of recycled 
aggregates concrete. Besides, effects of two RCA parameters (i.e. particle density and 
Los Angeles abrasion) have significant effects on the strength. Further research is 
recommended with higher replacement percentage of RCA for RAC properties. 
Generally properties of RCA produced by the 4 plants were not consistent. It can 
however be improved with more stringent quality control. 
 
Keywords: Construction and demolition waste, sustainable development, recycled 
concrete aggregate, recycled aggregate concrete, mechanical properties, shrinkage, 
rapid chloride permeability test   
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In land scarce Singapore, buildings are getting taller and taller in order to house its 
population and businesses; newer skyscrapers are replacing the older concrete 
buildings in Singapore at a rapid rate due to demand for land space, change of taste or 
being outmoded. For example, the tallest building Housing and Development Board 
used to construct a decade ago was only 22 storey. Now 40 storey buildings are 
already in occupation and several 50 storey buildings are under construction. The old 
buildings mostly built using reinforced concrete will generate a huge amount of 
construction and demolition waste (C&DW). Thus, demand for disposing the C&DW 
materials from the demolished structures are increasing. C&DW consists of a mixture 
of hardcore (concrete, masonry, bricks, tiles), reinforcement bars, dry walls, wood, 
plastic, glass, scrap iron and other metals etc. Hardcore makes up about 90% of the 
total weight of C&DW, with the unit weight or density of hardcore estimated to be 
between 2100 to 2300 kg/m3. The average amount of C&DW available for reuse is 
estimated to be 2 million tons per year (BCA, 2008). The landfills used for disposal of 
C&DW are being filled up at an alarming rate due to limited land area in Singapore. 
Due to land scarcity problems, efforts have been made by Singapore’s government to 
prolong the lifespan of the Semakau Landfill, currently estimated at approximately 35-
40 years, to a target of 50 years by reducing waste disposal. 
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 A practical approach to address the problem of limited landfill is to recycle the 
waste.  The novelty of recycling waste is not just limited to freeing up landfill space 
but also reducing the depletion of natural resources. As with most waste, C&DW can 
also be recycled with the application of proper techniques and technology.  Recycling 
of C&DW is significantly beneficial to a country like Singapore which has scarce of 
land, no natural resources and many old buildings to be demolished. 
 Realising the potential benefits of recycling C&DW, the Building and 
Construction Authority (BCA) of Singapore have been working closely with industry 
partners to promote wider adoption of sustainable materials, including recycled 
concrete aggregate (RCA) in our built environment. This will also help to build our 
resilience against external factors such as hike in the price or restriction in the supply 
of natural aggregates.  The recent sand-ban was a good eye-opener to recognize our 
vulnerability and test our resilience against such external influence. 
 The introduction of performance-based standards like SS EN 12620:2008 
“Specification for aggregates for concrete” pave the way for greater adoption of the 
recycled and manufactured aggregates can be adopted for a range of structural and 
non-structural applications (BCA, 2008). BCA urges all stakeholders in the industry to 
make a concerted effort to adopt the use of recycled materials in their building 
projects. It is also believed that with the greater use of recycled materials, the industry 
will reach another significant milestone in contributing to a sustainable built 
environment (BCA, 2008). Many researches had been done on the usage of RCA in 
non-structural applications such as road kerbs, partition walls and road pavements. 








Sustainability in construction 
The construction industry world-wide is using natural resources and disposing of 
construction and demolition debris in landfills in very large quantities. Both these 
practices are damaging to the environment and are no longer considered sustainable at 
their current levels. Many governments throughout the world are therefore actively 
promoting policies aiming at reducing the use of primary resources and increasing 
reuse and recycling. (Dhir et. al, 1998) 
 Recycling concrete promotes sustainability in several different ways. The 
simple act of recycling the concrete reduces the amount of material that must be 
landfilled. The concrete itself becomes aggregate and any embedded metals can be 
removed and recycled as well. As space for landfills becomes premium, this not only 
helps reduce the need for landfills, but also reduces the economic impact of the project. 
Moreover, using RCA reduces the need for virgin aggregates. This in turn reduces the 
environmental impact of the aggregate extraction process. By removing both the waste 
disposal and new material production needs, transportation requirements for the project 
are significantly reduced. In addition to the resource management aspect, RCA absorb 
a large amount of carbon dioxide from the surrounding environment. The natural 
process of carbonation occurs in all concrete from the surface inward. In the process of 
crushing concrete to create RCA, areas of the concrete that have not carbonated are 
exposed to atmospheric carbon dioxide. (PCA, 2002) 
 Scarcity of land and other resources is a reality, particularly in a small country 
like Singapore. It is therefore critical for us to make the best use of limited resources, 
and at the same time be prepared to tackle any challenges that may arise in the future. 
In 2008, Building and Construction Authority (BCA) of Singapore introduced the 
BCA Sustainable Construction Series 4 “A Guide on the Use of Recycled Materials”. 
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Through sustainable construction, we can do our part to optimise the use of natural 
resources and pursue the greater use of recycled materials. Besides reducing our 
dependence on natural building materials, this will also help to safeguard our quality of 
life and make provisions for the continuing growth of our built environment.  
 BCA has been working closely with industry partners to promote wider 
adoption of sustainable materials in our built environment. The completion of SS EN 
12620: Specification for Aggregates for Concrete, has paved the way for the use of 
alternative substitutes to natural aggregates, and it is timely for industry professionals 
to adopt this new Singapore Standard in the design and construction of buildings.  
 
Construction and Demolition waste 
The majority of construction waste goes to landfill because of the way sites are 
operated (DTI, 2000). Much of this waste is avoidable and reduces the already small 
profits of construction companies. Some estimates indicate that this waste makes up a 
large proportion of those profits typically 25%. In the United Kingdom for example, if 
a 10-20% reduction in waste could be achieved, 6 million tonnes of material might be 
diverted from landfill saving approximately £60m in at-the-gate disposal costs. The 
true cost of construction waste to the industry includes the costs of materials, 
components, disposal, transport, labour to clear up, tradesperson to fix, replacement 
material or component, tradesperson to re-fix and lost revenue from no 
reusing/recycling. This trite cost is significantly greater than at-the-gate disposal costs. 
The main wastes present in the construction waste stream are generally soil, gravel, 
concrete, asphalt, bricks, tiles, plaster, masonry, wood, metal, paper and plastic in 
differing proportions. Hazardous wastes also constitute a significant but minor 






preservatives, contaminated soil and various materials containing PCBs 
(polychlorobiphenyls). 
 In Singapore, C&DW is the material resulting from the construction, alteration 
or demolition of buildings and other structures. It consists of a mixture of hardcore 
(concrete, masonry, bricks, tiles), reinforcement bars, dry walls, wood, plastic, glass, 
scrap iron and other metals etc. Hardcore makes up about 90% of the total weight of 
C&D waste, with the unit weight or density of hardcore estimated to be between 2100 
to 2300 kg/m3. The average amount of C&DW available for reuse is estimated to be 2 
million tons per year.  Recycled concrete aggregate (RCA) is derived mainly from the 
crushed concrete from C&DW with about 70% or more of demolition waste made up 
of crushed concrete (BCA, 2008). 
 
1.1.1 Classifications of Recycled Concrete Aggregates 
In Singapore, the use of concrete is guided by the code SS EN 206-1:2009 “Concrete: 
Specification, Performance, Production and Conformity”. This code did not include 
any specific provisions for the use of Recycled Aggregate in concrete but refers to SS 
EN 12620:2008 “Aggregates for Concrete” that ascertain the suitability of aggregates 
for concrete by specifying the required properties and the relevant test Standards to 
determine the properties. It is a general specification on aggregates for use in concrete 
and does not differentiate between natural and recycled aggregates. 
 The recent amendment 1 to SS EN 12620:2008 “Aggregates for concrete” 
referred to as SS EN 12620:2008 (Amendment 1:2009) carries additional information 
on classification of categories of recycled aggregates. Categories of the constituents of 
coarse recycled aggregates are shown (Appendix A1). As recycled aggregates may 
have different types and level of impurities, the classification helped to categorise the 
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recycled aggregates into various groups so as to broaden the range of application.  
However, the code, which was adopted from the EN codes, limits itself to 
classification and left the application to individual countries to derive their own codes.  
 The national addendum to SS 206:2008 on the use of RCA was introduced as 
SS 544: Part 2:2009 (Concrete: Specification for constituent materials and concrete) 
that permits the use of Recycled Aggregates in concrete. Recycled Aggregate (RA) 
was defined as the aggregates resulting from the reprocessing of inorganic material 
previously used in construction and Recycled Concrete Aggregate (RCA) was defined 
as the aggregates comprising the crushed concretes.  
 SS 544: Part 2:2009 imposed additional requirements, that are related to the 
maximum masonry content, to be satisfied to allow RA in concrete, and this is thought 
to be partly as a result of the way in which recycled aggregates are sub-divided in SS 
544: Part 2: 2009 into two separate classes (Appendix A2). 
 A specific type of recycled aggregates is recycled concrete aggregates (RCA), 
where the masonry content is limited to not more than 5% of RCA contains more than 
95% of crushed concrete whereas RA contains 0-94% of crushed concrete. This 
classification meant that material containing 95% crushed concrete was permitted for 
use in a wide sphere of concrete activity whilst a similar material containing 94% 
crushed concrete was not. Clearly this did not provide a sustainable solution to the 
C&DW problem (WRAP, 2007).  
 As a result of this classification, only RCA is fully specified for use in concrete 
up to strength class of C40/50 and durability classes X0, XC1, XC2, XC3, XC4, XF1 
and DC-1 (Appendix A3). Concern over the very wide range of composition of RA 
meant that it was not possible to permit use of RA for a given type of concrete without 






composition of the proposed RA. According to Clause 4.3 of SS 544: Part 2: 2009 
(Appendix A3), there is a limitation on the use of RCA. Only the limited exposure 
conditions are specified for the maximum concrete strength up to maximum of 50 MPa. 
Exposure Classes are mentioned in SS EN 206-1:2009 (Appendix A4). 
 According to Clause 6.2.2 of SS 544:Part 2: 2009, partial replacement of 
natural aggregate with coarse recycled aggregates or coarse recycled concrete 
aggregates up to a maximum percentage by mass of 20% is allowed (Appendix A4). 
There is a limitation that the maximum concrete strength is up to 50 MPa. RA or RCA 
should not be used in any of the paving applications, foundation applications and 
reinforced and prestressed concrete application (50 MPa XF condition).  
 Under additional note 6 of Clause 4.3 of SS 544: Part 2: 2009 (Appendix A6), 
it states that the required properties and the relevant test standards needed to be carried 
out based on SS EN 12620. It only mentioned a general specification for use of 
aggregates in concrete and does not differentiate between natural and recycled 
aggregates. Due to the different sources of materials, the potential composition of 
recycled aggregates is wide. Therefore, additional requirements for further tests are 
needed for assessment based on the specific composition of Recycled aggregates such 
as acid soluble sulphate, chloride content, alkali- aggregate reactivity, alkali content 
and limitation on use in concrete (additional Note 6 of Clause 4.3, SS 544:2009). The 
maximum aggregate allowable size is 20 mm.  
 In view of the above limitations, EN 12620:2002 + A1:2008 now incorporates 
a broader classification of recycled aggregates. However, its use will be based on local 
experiences to be published in the national standards of individual countries. WRAP 
(Waste and Resources Action Programme) and University of Dundee recently carried 
out research on recycled aggregates from demolition waste and concluded that 
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“Results tended to show that use of RCA and RA at 20% by mass of aggregate had 
little effect on performance of concrete, and that the proportion of brick within the RA 
when used at these moderate levels was not significant” (WRAP, 2007). 
 
Impurities in recycled concrete aggregate 
Construction and demolition waste consists of a mixture of hardcore (concrete, 
masonry, bricks, tiles), reinforcement bars, dry walls, wood, plastic, glass, scrap iron 
and other metals etc (BCA, 2008). It is therefore, reasonable to find RCA produced 
from construction and demolition waste to also contain some of these materials.   
Materials other than that derived from old concrete are classified as impurities in RCA.  
Figure 1.1 shows the impurities found in RCA. BRE Digest (1998) recommends a 
manual impurity sorting method as the simplest method although in practice it tends to 
be rather tedious and not particularly efficient because of difficulty in categorizing 
some particles. According to BRE Digest (1998) the following materials should be 
sorted out from the collected demolition waste samples before the production of 
recycled aggregates: 
• concrete and dense or normal weight aggregate 
• brick, mortar, lightweight block and lightweight aggregate  
• asphalt, bitumen, tar and mixtures of these materials with aggregates 
• wood 
• glass 








Figure 1.1 Physical impurities found in Recycled Concrete Aggregate (RCA) 
 
 With regards to the acceptance of impurities in recycled concrete aggregates, 
different Standards may have differing views but all are unanimous at agreeing that 
impurities are detrimental to concrete. The Japanese Industrial Standard (JIS A 5012) 
specifies that the RCA impurities limit should not exceed the following limits as 
mentioned in Table (1.1). Golda and Król (2006) mentioned that the amount of 
impurities in recycled aggregate can decrease concrete compressive strength as 
mentioned in Table (1.2). The presence of gypsum in aggregates can also cause certain 
defects in road bases or foundation courses where recycled aggregates are treated with 
cement.  This is because gypsum reacts with the cement to form hydrated calcium 
sulphoaluminates (ettringite) which can cause damage due to expansion and cracking 
of the concrete. (Morel et. al, 1994) 
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Table 1.1 Upper Limit of the amount of impurities 
 
 













1.1.2 Experience of Using Recycled Aggregate 
 
Use of Recycled Aggregate in other countries 
Although there is increasing awareness that C&DW can be recycled, to date, only a 
small proportion of RCA are used in concrete. This is primarily due to the lack of clear 
classification of recycled aggregates. 
 In Japan, JIS A 5021 (2005) provides the specification for Class H recycled 
aggregate for concrete, where H refers to high. They have yet to come out with the 
Class M (medium) and Class L (low) classifications. For the H classification, the upper 
limit on impurities is 3%. Internationally, the RILEM specification (1994) is the most 
commonly accepted standard for recycled aggregates.  
 Due to the different nature of Hong Kong’s building construction (2002), the 
government has formulated two sets of specifications governing the use of recycled 
aggregates for concrete production. Only recycled coarse aggregates are allowed to be 
used up to 100% replacement for concrete of Grade 20 and below in minor concrete 
structures such as benches, planter walls, concrete mass walls and 20% replacement of 
coarse aggregate for concrete of Grade 35 and below is allowed to use for general 
concrete applications except in water retaining structures. The specification 
requirements for recycled aggregate are listed in Table 1.3. 
 The German Standards Institute and the German Committee for Reinforced 
Concrete developed the guidelines shown in Table 1.4. Although an unlimited amount 
of recycled aggregate is allowed for fill and subbase material, recycled fine aggregate 
is prohibited from use in reinforced concrete because of its significant impact on 
drying shrinkage and creep. For reinforced concrete exposed to weather, the recycled 
coarse aggregate must contain less than 10% brick or other extraneous materials. The 
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recycled coarse aggregate requirements for interior reinforced concrete are less strict. 
(DIN 4226-100, 2002) 
 










 The applications of recycled aggregate in construction industry are quite broad.  
The recycled concrete aggregate had been used since a long time ago. In Australia, the 
recycled aggregates had been used in the road construction for past 100 years (Ngo, 
2004).  The recycling industry in Europe had been well set up and established after the 
World War II. C&DW Recycling Industry stated that from the time of the Romans, the 
stones from the old roads were reused when the new roads were being rebuilt. 
 The first pilot project, on the use of recycled crushed concrete aggregates in 
new concrete, started in 1988 for Rijkswaterstaat, the executive branch of The Dutch 
Ministry of Transport, Public Works and Water Management at Netherlands. Since 
1994, Rijkswaterstaat allows the use of 20% replacement of recycled coarse aggregates 
in concrete structures (ETN, 2000).  
 The recycling of concrete had grown rapidly in Finland since 1998. Each year, 
about 500,000 to 1,000,000 tonnes of concrete waste are generated mainly from 
demolition works and about 350,000 tonnes of the concrete wastes is currently 
recycled. The most common application of recycled concrete aggregates is in base and 
sub-base works (ETN, 2000). 
 In Watford, UK, the environmental building built in 1995-1996 was designed 
to act as a model for low energy and environmentally aware office buildings of the 
21st century. This building incorporates the first-ever use in the UK of recycled 
aggregates in ready-mixed concrete.  In 1999-2000, the new operations centre for 
Wessex Water, Bath at UK, was built by using recycled aggregates. The building used 
40% replacement of natural aggregates with recycled coarse aggregates from crushed 
concrete railway sleepers in ready-mixed concrete (ETN, 2000). 
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 In USA, forty-four states allow recycled concrete in road base applications. The 
uses of RCA in USA for the various applications are given in Figure (1.2). 
 
 
Figure 1.2 Uses of Recycled Concrete Aggregate (Deal, 1997) 
 
Use of Recycled Aggregate in Singapore 
Conventionally, recycled concrete aggregate was mostly used as landfill. Nowadays, 
BCA has aimed to reduce the demand for concreting sand and granite by 30% to 50% 
within the next five years. So, the applications of recycled concrete aggregate in 
construction will be encouraged and enormously increased in Singapore especially in 
structural applications. 
 Non structural precast internal partition wall panels (Figure 1.3) with the use of 
recycled concrete aggregates are the recent development in sustainable construction. 
Green Wall uses the maximum 100% recycled aggregates from C&DW (BCA, 2008). 









Figure 1.3 Production of Green Wall using 100% recycled aggregates  
 
 Eco-concrete, made with partial replacement of natural aggregates with 
recycled concrete aggragates and partial replacement of cement with pulverised fly ash 
(see in Figure 1.4) is used largely for non-structural applications. Non-suspended slabs 
and slabs on grade can be used with eco-concrete, e.g. lean concrete, footpaths and 
apron slabs.  
 
 
Figure 1.4 HDB Walkway being cast with Eco-concrete  
 
 Eco-concrete is also used to produce concrete precast products mainly for the 
drainage systems based on the PUB’s specifications. The precast products produced 





Figure 1.5 (a) Precast Concrete Components (Extracts from BCA series 4 ,2008) 
Figure 1.5 (b) Precast Concrete Components (Extract from BCA series 4, 2008) 
 
 Road and pavement construction has started to use RCA for future projects. In 
2007, the Civil Aviation Authority of Singapore (CAAS) performed a trial test on the 
use of RCA for the granular base course in the construction of aircraft pavements. 
After carrying out continuous structural field monitoring for 9 months, the construction 






The base course constructed with RCA showed better structural performance. This 
built up the confidence of using RCA for road and pavement construction for future 
projects.  The usage of RCA offered a more economical solution in compared with 
granular base course (BCA, 2008). 
 
 
Figure 1.6 The paving of the base course with RCA for taxiway  
(Extract from BCA series 4, 2008) 
 
 
1.2 Literature Review 
 
1.2.1 Properties of Recycled Concrete Aggregates 
 
Water Absorption 
The most significant difference in the physical properties of coarse RCA reflected in 
most studies is its higher water absorption capacity as compared to coarse natural 
aggregates. This is largely due in part to higher porosity of the mortar phase than 
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aggregate phase as mentioned by Padmini et. al (2009). A much higher mercury 
intrusion porosity of 16.81% for RCA was measured as compared to 1.6% for NA 
(Poon et al., 2004). WRAP (2007) reported that the water absorption of RCA is 
approximately 4.5 times that of natural aggregates. The coarse RCA derived from 
laboratory concrete studied by Hansen and Narud (1983) was found to have a higher 
water absorption ranging from 3.7% to 4.0%, this being about four times that of coarse 
NA.  
 
Particles Density  
The most appropriate method of assessing the particle density of aggregates in 
structural concrete is to compare the density against that of typical natural aggregates 
which is usually about 2.65 kg/m3. The aggregate particle density is an essential 
property for concrete mix design and also for calculating the volume of concrete 
produced from a certain mass of materials (Hewlett, 1998), which is the ratio of mass 
of a given volume to the mass of same volume of water (BS 812: Part 2 1995). The 
particle density of RCA is generally found to vary between 2.10 to 2.50 kg/m3. Tam 
and Tam (2006) mentioned that the larger the size of the aggregate, the smaller the 
percentage of cement mortar attached to its surfaces and hence the higher the particle 
density and the better the aggregate quality. 
 
Mechanical properties of RCA 
The mechanical properties of RCA are generally provided by the Aggregate Crushing 
Value, Aggregate Impact Value and the LA abrasion value. These properties are 







 Aggregate Crushing Value test determine the ability of aggregate to resist 
crushing under static load. Experimental results by Rahman (2009) showed that the 
aggregate crushing value of natural aggregate is 16.33 % and RCA is 28.57 %. On the 
other hand, a study by Prakash and Krishnaswamy (1996) showed that the aggregate 
crushing value of natural aggregate is 28.23 % and RCA is 32.08 %. As expected, 
natural aggregate is better able to withstand crushing compared to RCA. However, the 
degree to which the performance differs may vary with different sources of RCA. 
 Aggregate Impact Value test determine the ability of aggregate to resist 
crushing under impact load.  Summers (2000) and Rahman (2009) reported that the 
Aggregate Impact Value of RCA and NA are often numerically very similar, and 
indicate similar aggregate strength properties. However, Prakash and Krishnaswamy 
(1996) in their study found the difference in the Aggregate Impact Value of RCA and 
NA to be significant. Prakash and Krishnaswamy (1996) obtained a value of 11.93 % 
for natural aggregate and 19.78 % for RCA. It is to be noted here that Prakash and 
Krishnaswamy (1996) used RCA from laboratory cast specimens. 
 The abrasion resistance of aggregates can be defined as the resistance to 
degradation caused by loads, stockpiling, mixing, placing and compacting of concrete, 
and is measured by Los Angeles (LA) abrasion value. The LA test is widely used as an 
indicator of the relative quality or competence of mineral aggregates (Ugur et. al, 
2010). In the study by Prakash and Krishnaswamy (1996), RCA produced from 
laboratory cast specimens were found to have comparable abrasion characteristics to 
NA. The results of test carried out by Prakash and Krishnaswamy (1996) are shown in 
Table (1.5). 
 Large variations in the mechanical properties of RCA seems to suggest that 
unlike the cases with natural aggregate where the performance of concrete depends 
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primarily on the mix design, performance of concrete with RCA will experience 
greater variability in view of the variation of mechanical properties of the RCA. The 
mechanical properties of RCA may have to be taken into consideration when designing 
concrete. 
 
Table 1.5  Mechanical properties of RA (Prakash and Krishnaswamy, 1996) 
Property NA RA 
Aggregate Impact Value 11.93 19.78 
Aggregate Crushing Value 28.23 32.08 
LA abrasion value 8.35 9.55 
 
Durability properties of RCA 
Aggregates makeup the largest part of the concrete mixes and hence greatly governs 
the durability of the concrete. Susceptibility of the concrete to physical wear can be 
ascertained from the abrasion resistance of aggregates determined from the LA 
abrasion test. RCA with higher LA abrasion value will produce concrete that will 
result in higher wear. This property of RCA is particularly important when used to 
produce pavement concrete as pavements undergo a high degree of wear during 
service. 
 The chemical property of RCA will also govern the durability of the concrete 
produced with the RCA. In Singapore, when imported aggregate is used and where the 
source of the aggregate is new to Singapore, the aggregates have to be tested before 
use for potential alkali reactivity (SPRING, 2009). This requirement also applies to use 
of RCA in concrete.  For RCA, the concern is not only the presence of reactive silica 






 In alkali silica reaction, a siliceous aggregate's surface containing incomplete 
silica tetrahedra are first attacked by the hydroxyl ions in the pore solution, followed 
by the alkali. The pore solution consists largely of sodium, potassium, hydroxyl, and 
calcium ions, among others (Thibodeaux, 2003). The product of this reaction is a gel 
that expands in the presence of sufficient amount water. Thus, damage from this 
reaction will occur only when the three necessary components - reactive silica or 
silicates, alkalis, and moisture - are present in sufficient concentrations or amounts. 
The reactivity of aggregate for alkali-silica reaction is dictated by many factors 
including mineralogy, particle size, density, and equivalent alkali content of the mortar 
or concrete. 
 To demonstrate the contribution of adhered mortar to alkali silica reaction, 
Etxeberria et. el. (2008) measured the expansion of mortar bars made separately with 
RCA and only mortar previously adhering to the RCA. The mortar bars were plunged 
in sodium solution for 14 days in accordance to ASTM 1260 before measuring the 
expansion. The results showed that mortar bars made with RCA and those with 
adhered mortar suffered an expansion of 0.07% and 0.1%, respectively after the 14 
days, clearly demonstrating the effect of alkalinity of the adhered mortar. Figure 1.7 
shows the expansion of the mortar bars with time. 
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Figure 1.7 Expansion versus age for three samples of recycled aggregates and 
three samples of adhered mortar (Etxeberria et. al, 2008) 
 
 
1.2.2 Properties of Concrete produced with Recycled Concrete Aggregate 
 
Compressive strength 
Hansen and Narud (1983) found that the compressive strength of recycled concrete is 
strongly correlated with the water/cement ratio of the original concrete if other factors 
are kept the same.  When the water/cement ratio of the original concrete is the same or 
lower than that of the recycled concrete, the new strength will be as the same or better 
than the original strength, and vice versa. Test results by Tavakoli and Soroushian 
(1996) indicated that the strength of recycled aggregate concrete is affected by the 
strength of the original concrete, percentage of the coarse aggregate in the original 
concrete, the ratio of top size of aggregate in the original concrete to that of the 
recycled concrete aggregate, and the Los Angeles abrasion loss as well as the water 






on concrete of 3 different w/c (0.57, 0.50, and 0.43) by replacing NA with Grade 20 
RCA at 25%, 50%, 75% and 100%. Results (Figure 1.8) showed that all three mixes 
are able to achieve approximately a minimum of 98% of the NAC strength when 
replacement percentage is kept below 25%. In general, there was a reduction in cube 
strength as the RCA content increased, but up to around 20-30% RCA content, the 
effect was within experimental variability. Earlier studies suggested that RCA may be 
used up to approximately 30% by mass of coarse aggregate without adversely affecting 
performance of the concrete. To increase the confident level, recycled bricks were 
added for further study. The use of crushed brick aggregates (CBA) reduced the cube 
strength to a greater extent than that of the RCA (refer to Figure 1.9). 20% CBA in 
concrete gave lower strength than the natural aggregate concrete (NAC) and the 
decrease in strength increased when the CBA content increased. 100% CBA concrete 
gave 25% lower strength than NAC (WRAP, 2007). 
 Partial replacement of up to 20% natural coarse aggregate with RCA did not 
show any influence on the compressive strength of concrete cube samples which 
Limbachiya et. al (2000) investigated, whereas a gradual reduction in strength was 
observed with an increase in the RCA content. Poon and Kou (2008) recommended 
that the maximum replacement of natural aggregate by RCA for lower Grade (Grade 




Figure 1.8 Bar chart of 28 days relative compressive strength for different 
replacement ratios by Bairagi et al. (1993) 
 
 
Figure 1.9 Relationship between coarse RA content and Cube strength for RCA 
and CBA by WRAP (2007) 
 
 The microstructure of the hydrated cement paste is highly modified in the 
vicinity of embedded materials: aggregates, fibers and reinforcing steel, and is known 
as the interfacial transition zone (ITZ). The ITZ is a thin zone surrounding the 






cement paste in term of morphology, composition, physical interface and density 
(Mindess, 2003).  It is a region characterized by high porosity and reduced unhydrated 
cement due to the inability of cement particles to pack efficiently around the 
embedment of the aggregates. The microstructure of the ITZ affects the properties of 
concrete and is usually regarded as the weakest link of normal concrete matrix.  It is 
generally accepted that the cement paste from the original concrete that is adhering to 
the recycled aggregate plays an important role in determining the performance of 
recycled aggregate concrete. The qualities of the mortar and the interface zones, as 
well as the mortar contents of the original concrete, influence the properties of the 
recycled aggregate concrete (Ryu, 2002). In RCA concrete there are two different 
interfacial zones (ITZ) instead of one as in normal concrete: an old ITZ between the 
original aggregate and the adhering mortar and a new ITZ between the recycled 
aggregate and the new cement paste. Figure 1.10 shows a schematic diagram of 
interfacial transition zones present in concrete made with recycled aggregate. 
Corinaldesi and Moriconi (2009) reported that addition of fly ash in recycled aggregate 
concrete can benefit the mix design such that the pore structure is improved, and 
particularly the volume of macro pores is reduced, yielding benefits in terms of 
mechanical performances such as compressive, tensile and bond strengths. 
 
Figure 1.10 (a) Interfacial Transition Zone (ITZ) in the RCA concrete 
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Figure 1.10 (b) The observation of microstructure of ITZ showed a relatively 
cracked, loose and porous interface (Corinaldesi and Moriconi, 2009) 
 
Splitting tensile strength 
Splitting tensile strength (STS) is an important parameter for non-reinforced concrete 
structures. The splitting tensile test involves the application of uniaxial line load 
diametrically opposite and along the longitudinal axis of a concrete cylinder. Choi and 
Yuan (2005) reported that the tensile strength of concrete is much lower than the 
compressive strength, largely because of the ease with which cracks can propagate 
under tensile loads. Tensile strength value is still needed because cracking in concrete 
tends to be of tensile behaviour. According to Marzouk and Chen (1995), concrete can 
be considered a brittle material, and the tensile strength of a brittle material is due to 
the rapid propagation of a single flaw or micro crack. High strength concrete is more 
brittle and stiffer than normal concrete. 
 In design, tensile strength of the concrete is not usually considered and it can be 
assumed to be zero. However, cracking in concrete may occur due to the tensile 








Mindness (2003) stated that the failure of concrete in tension is governed by micro 
cracking. When tensile crack spreads through concrete, it leads to a single macro crack 
that is combined from multiple branched micro-cracks as the tensile displacement 
increases. The roughness of the failure surface depends on the tensile strength of the 
mortar, aggregate and the ITZ. The failure surface becomes smooth when the ratio of 
aggregate to ITZ strength is low. When the relative strength of the aggregate is high, 
the failure surface will become uneven, usually leading to higher tensile strength. 
 Many researchers turn to STS test because the method of testing is simple and 
its value is one of the mechanical properties of concrete. The strength development 
trend with time for STS is similar to that of compressive strength. Mindess and Young 
(2003) explained that the relationship between tensile and compressive strength is not 
a simple one.  It depends on the age and strength of concrete, type of curing, aggregate 
type, amount of air entrainment and degree of compaction. Marzouk and Chen (1995) 
stated that tensile strength increases at a smaller rate as compressive strength increases. 
The increases in strength for these two parameters are related to w/c ratio, cement type 
and temperature of curing. W/C ratio affects both compressive and STS. Other than 
w/c ratio, concrete age also plays a significant role in concrete strength development.  
Its strength increases with age. However, the increase is not linear. In summary, STS is 





Figure 1.11 Bar chart of 28 days relative tensile strength for different 
replacement ratios by Bairagi et al. (1993) 
 
 Bairagi et al. (1993) conducted splitting tensile tests on concrete of 3 different 
w/c (0.57, 0.50, and 0.43) by replacing NA with Grade 20 RCA at 25%, 50%, 75% and 
100%. Results shown in Figure 1.11 showed that all three mixes are able to achieve 
approximately minimum 93% of NAC strength when replacement percentage is kept 
below 25%.  
 







 Tabsh and Abdelfatah (2009) recently reported that concrete made with 
recycled coarse aggregate produced from 50 MPa concrete was as strong in tension as 
corresponding concrete made with natural coarse aggregate for 50% replacement of 
natural aggregate with RCA. However, about 25–30% drop in tensile strength was 
observed in concrete made with recycled coarse aggregate produced from 30 MPa 
concrete or recycled coarse aggregate obtained by crushing concrete from unknown 
sources (dump site). The size of the cylinders used in their study was 100 mm by 
200mm and Figure 1.12 shows the 28-day splitting tensile strength of concrete with 
natural and recycled aggregates. 
 
Flexural Strength 
Flexural strength is one measure of the tensile strength of concrete, also known as the 
modulus of rupture. It is a measure of an unreinforced concrete beam or slab ability to 
resist bending. This results in tensile stress at the bottom and compressive stress at the 
top of the beam. Since concrete is weaker in tension, the specimen fails with a flexural 
crack near the section of maximum moment. The failure load is used to determine the 
tensile strength (Somayaji, 1995). 
 Rakshvir et. al (2006) reported that the flexural strength of recycled aggregate 
concrete decreased with increasing replacement of natural aggregate with recycled 
concrete aggregate (Figure 1.13). Rakshvir et al (2006) also reported that the loss of 
flexural strength is greater in concrete made with recycled gravel. Similar values were 
also observed for splitting tensile test values. The decrease was especially noticeable in 
flexural strength of the concrete prepared with saturated recycled concrete aggregates. 
In another development, Poon et al. (2004) reported that concrete prepared with 
saturated and dry recycled concrete aggregates exhibited poorer freeze–thaw resistance, 
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Figure 1.13 Flexural Strength Pattern of Recycled aggregate concrete  
(Rakshvir et al, 2006) 
 
Modulus of Elasticity  
Concrete is a nonlinear inelastic material in both tension and compression. Modulus of 
elasticity is obtained through testing for the stresses and strains of concrete. The 
practical measurement of modulus of elasticity is the secant modulus which is equal to 
the slope of the secant between the original and a selected point on the stress-strain 
curve. The secant modulus includes an element of non-linearity and its value depends 
on the value of the applied stress chosen. The use of secant modulus has little effect up 






within this stress range.  Sometimes, it is not easy obtain the tangent or secant modulus. 
In this case, the chord modulus can be used. The chord modulus is the slope of a line 
drawn between two selected points of the stress-strain curve.  If the elastic modulus 
value is known, it is possible to calculate deformations for any material and the 
deformation loading. 100 x 200 mm cylinders specimens are usually used to obtain the 
elastic modulus values of different concrete grade samples. (Mindness et. al, 2003) 
 
 
Figure 1.14  Diagrammatic representation of stress-strain relation for concrete 
(Neville, 1981) 
 
 Diagrammatic representation of the stress-strain relation for concrete is 
provided in Figure (1.14). Modulus of elasticity of concrete is a key factor for 
estimating the deformation of buildings and members, as well as a fundamental factor 
for determining modular ratio, n, which is used for the design of members subjected to 
flexure. Modulus of elasticity of concrete is frequently expressed in terms of 
compressive strength. While many empirical equations for predicting modulus of 
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elasticity have been proposed, few equations are available to cover the whole ranges 
data (Tomosawa and Noguchi, 1995). 
 Roa et. al (2007) reported that the modulus of elasticity for RAC is in the range 
of 50–70% of the normal concrete depending on the water–cement ratio and the 
replacement level of RCA. However, they also concluded that more experimental data 
is required before conclusive results can be drawn especially in applications of RAC 
where the modulus of elasticity or the stress-strain behavior, is a critical parameter. 
Padmini et. al (2009) in their research work observed the following. The modulus of 
elasticity of parent and recycled aggregate concrete is related to compressive strength.  
For a given strength of concrete, the modulus of elasticity of RAC is lower than that of 
parent concrete. Higher percentage of reduction in modulus of elasticity was obtained 
for concrete made with smaller sized aggregates. Porosity of aggregate affects the 
modulus of elasticity of concrete, which controls the ability of aggregate to restrain 
matrix strain. In RAC, the presence of relatively porous parent mortar reduces the 
ability to restrain matrix strains. Also higher porosity of smaller sized recycled 
aggregates causes further reduction in modulus of elasticity. For a given strength of 
RAC, the recycled aggregate derived from different strength of parent concrete does 
not cause much variation in the modulus of elasticity in the resultant concrete.  
 Grubl et. al (2000) showed that the modulus of elasticity of recycled aggregates 
concrete decreases with an increase in the replacement of natural aggregate with RCA 
(Figure 1.15). This situation is because recycled concrete aggregate is more susceptible 
to deformation than natural aggregates. This finding is expected since recycled 
concrete aggregate has lower modulus than natural aggregate and, in addition it is well 








Figure 1.15 Amount of recycled aggregate versus Modulus of Elasticity  
(Grubl et. al, 2000) 
 
Drying Shrinkage 
Engineers nowadays recognize the importance of deformational properties such as 
shrinkage and creep in the design of many structures and provision for taking 
shrinkage and creep into account has been included in a number of design codes. 
Prediction of long-term strains from short-term measured values is necessary for 
design purposes when more accurate values are required or when unknown types of 
concrete are used, since reliable prediction from a knowledge of mix proportions alone 
is not possible, especially the influence of aggregate cannot be estimated without tests 
(Aitcin et. al, 1997). 
  The term drying shrinkage is generally reserved for hardened concrete. It 
represents the strain caused by a loss of water from the hardened material. Autogenous 
shrinkage, which occurs when a concrete can self-desiccate during hydration, is a 
special case of drying shrinkage. Carbonation shrinkage, which occurs when hydrated 
cement reacts with atmospheric carbon dioxide, can also be considered as a special 
 34
case of drying shrinkage.  Shrinkage is a paste property; in concrete, the aggregate has 
a restraining influence on the volume changes that will take place within the paste. 
Mindess (2003) provided the parameters that affect drying shrinkage shown in Table 
1.6. 
 
Table 1.6 Parameters that affect drying shrinkage (Mindess, 2003) 
 
 
 Drying shrinkage occurs when the surface of concrete is exposed to an 
environment with a low RH. Because of in-equilibrium between the RH of the 
concrete and the environment, the water within the pores of the concrete evaporates. 
As a result, the concrete shrinks. However, the change in the volume of the drying 
concrete is not equal to the volume of water removed. This may be attributed to the 
fact that the loss of free water, which takes place first, causes little or no shrinkage. 
 Drying shrinkage has a significant effect on crack development of restrained 
concrete members and will cause problems such as loss of pre-stress. For normal 
strength concrete, numerous studies have been conducted and code expressions are 






concerning the drying shrinkage of high strength concretes. As pointed out earlier, 
high strength concrete is subject to self-desiccation, with autogenous shrinkage and 
drying shrinkage occurring simultaneously. Unfortunately, most results reported in the 
literature are performed on drying specimens without sealed companions for 
comparison. This makes the separation between the autogenous shrinkage and drying 
shrinkage impossible. 
 The overall shrinkage of concrete corresponds to a combination of several 
shrinkages, that is, plastic shrinkage, autogenous shrinkage, drying shrinkage, thermal 
shrinkage, and carbonation shrinkage (Aitcin et. al, 1997). Since drying shrinkage are 
related to moisture loss from the concrete, it is influenced by external factors that 
affect drying and also internal factors related to the concrete and its constituents as 
illustrated diagrammatically in Figure 1.16. 
 Unless specifically designed for shrinkage in conventional concrete is taken as 
drying shrinkage, which is the strain associated with the loss of moisture from the 
concrete under drying conditions. Conventional concrete with a relatively high water 
to cementitious material ratio (w/cm) greater than 0.40, exhibits a relatively low 




Figure 1.16 Factors affecting drying shrinkage (Aitcin et. al, 1997) 
 
1.2.3 Durability Properties of Recycled Aggregate Concrete 
Concrete is inherently a durable material. If properly designed for the environment to 
which it will be exposed, and if carefully produced with good quality control, concrete 
is capable of maintenance-free performance for decades without the need for protective 
coatings, except in highly corrosive environments (Mindess, 2003). 
 Corrosion of reinforcing steel due to chloride ingress is one of the most 
common environmental attacks that lead to the deterioration of concrete structures. 
Corrosion-related damage in bridge deck overlays, parking garages, marine structures, 
and manufacturing plants results in millions of dollars spent annually on repairs. This 
durability problem has received widespread attention in recent years because of its 
frequent occurrence and the associated high cost of repairs. The rate of chloride ion 
ingress into concrete is primarily dependent on the internal pore structure. The pore 






curing conditions, use of supplementary cementitious materials and construction 
practices.  Therefore, wherever there is a potential risk of chloride-induced corrosion, 
the concrete should be evaluated for chloride permeability (Prakash Joshi and Cesar 
Chan, 2002). 
 The one parameter which can influence durability significantly is the w/c (or 
w/cm) ratio. As the w/c ratio decreases, the porosity of the paste decreases and the 
concrete becomes more impermeable. The effect of variation in w/c ratio on 
permeability is dominated by "large" capillary porosity, rather than gel pores. The 
permeability of concrete plays an important role in durability because it controls the 
rate of entry of moisture that may contain aggressive chemicals and the movement of 
water during heating or freezing. Recycled aggregates are by-products of crushed 
concrete, usually deteriorated by a chemical or/and physical attack, such as 
carbonation, sulphate attack, chloride induced corrosion or a loss of strength. Hence, 
the benefits from cement paste in recycled aggregate, such as chloride binding, an 
inhibitive nature to steel corrosion and a resistance to aggressive ions, are less likely to 
be expected. 
 
Rapid Chloride Permeability Test (RCPT) 
The rapid chloride penetrability test (RCPT) was originally developed in early 1980s 
by Whiting, (1981). The Rapid Chloride Permeability test was developed in a FHWA 
research program. The program was created to develop techniques to nondestructively 
measure the chloride permeability of in-place concrete. Prior to the development of the 
test, chloride permeability of concrete was measured by a ponding test, such as 
AASHTO T259-80, “Resistance of Concrete to Chloride Ion Penetration”. Ponding 
tests typically take 90 days or longer and involve taking samples of the concrete at 
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various depths to determine the chloride profile. The FHWA wanted a test that could 
be done in place and have a good correlation to data that was developed from chloride 
ponding tests. Later, this method was adopted by the American Association of State 
Highway and Transportation Officials (AASHTO) as AASHTO T-277 and also by 
American Society for Testing and Materials (ASTM) as ASTM C 1202. Table 1.7 
shows five categories that were created in which coulomb test results from different 
test samples that fall in the same category were considered to be equivalent. (FHWA, 
2000) 
 
Table 1.7 Chloride Permeability Based on Charge Passed (Whiting, 1981) 
 
 
 Kosmatka and Kerkhoff (2002) reported that concrete made with higher w/cm 
shows a higher permeability index for the same duration of curing and the same curing 
temperature. A wetter sample will have lower air permeability due to the water 
blocking the pores of the concrete and increases the time for the passage of air 
(MacGregor and Wright, 2005). A permeable concrete is more susceptible to ion 






stresses that are induced by the expansion of water as it freezes, and to chemical attack 
(leaching, efflorescence, sulphate attack). If properly cured, most concretes become 
significantly less permeable with time. Therefore, it is important to specify the age at 
which the permeability is measured. There is no universally accepted standard test 
method for measuring the permeation properties of concrete. 
 
1.3 Need for Research 
The important feature of RCA is the presence of adhered mortar which is highly 
porous in nature and will influence the physical, mechanical and chemical properties of 
the RCA.  As a result, the performance of concrete with RCA may differ from the 
concrete with natural aggregates (NA). Thus, the effect of RCA on concrete has been a 
subject of interest and deemed important to be carefully studied and understood well 
before using in concrete production.  Many researches have been carried out on the 
effect of RCA on the performance and various properties of concrete. 
 It seems to be a general consensus amongst most researchers that the 
replacement of natural aggregate with RCA does affect the performance of recycled 
aggregate concrete. The characteristic of the RCA which most influence the 
performance of recycled aggregate concrete seems to the porosity of the mortar 
adhering to the RCA which is responsible for high water absorption and low crushing 
values. Although most researchers are unanimous on the observation that replacement 
of natural aggregates with RCA affects the performance of recycled aggregate concrete, 
they stand divided on the acceptable amount of NA replacement. While some 
researchers are soliciting for higher replacement percentages, others are exercising 
caution as the effects of the replacement are still not fully understood, particularly in 
the durability aspect. 
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Tam et. al (2007) compiled the observations of many researchers on the effect of 
replacement ratio of natural coarse aggregate with RCA on the mechanical properties 
of recycled aggregate concrete, namely the compressive strength, flexural strength and 
modulus of elasticity (Table 1.8). What was obvious from the compilation is that the 
replacement of natural coarse aggregate with RCA does affect the mechanical 
properties of the recycled aggregate concrete, and the effect increases in severity with 
an increase in the replacement ratio. The only sensible explanation for this observation 
would be that the RCA used by the various researchers are of different quality. 
Although we can readily accept this explanation, the stark reality is whether is it worth 
venturing into the realm of RCA quality or whether is it possible to quantify the quality 
of RCA? 
 Another important aspect of the use of RCA is the effect it has on the durability 
of the concrete. In this regard, the concern of ASR seems very valid not so much 
because reactive silica may be present in the aggregate, but more so that the adhering 
mortar on the RCA may increase the alkalinity of the concrete. The use RCA has also 
been reported to produce relatively porous concrete increasing the concern on 
durability.  Generally higher alkali values were observed by Dhir and Paine (2003) in 
RCA than RA, which would correspond to the higher proportion of hardened cement 
paste. Liu et. al (2002) compiled the observation of natural aggregate as well as 
recycled aggregate to evaluate the reactivity of aggregates that may cause ASR in 
concrete. Generally Liu et. al (2002) found that the mean expansion of concrete using 
RCA were greater than the concrete with natural aggregates.   
 Ironically, the effect of RCA on strength and other mechanical properties of 
concrete does not seems to be a major concern as this can be taken as a compromise of 






is also within control as the desired output can be manipulated by adjusting the 
replacement percentage of natural aggregate with RCA in the concrete, on the 
provision that the effect of the quality of RCA is deemed minimal. The latter only 
seems to be a concern with higher replacement percentage.       
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Table 1.8 Summary of Previous research on RAC with different RCA 



















For higher confidence and wider acceptance of the use of RCA in concrete, more 
research is needed to investigate the possibility of using an alternative method for 
classifying recycled concrete aggregates that would overcome the current barriers and 
concerns with regards to recycled aggregate that restricts their specification and use in 
concrete. This requires research to ascertain appropriate tests for establishing recycled 
aggregate quality and performance, and to determine a method for classifying RCA for 
use in concrete. These classes of recycled aggregate based on performance-related 
properties in SS EN 12620:2008- “Aggregates for Concrete” or composition should 
allow for a wider range of recycled concrete aggregates to be used in higher value 
applications than the current limits in SS 544:Part 2:2009- “Concrete – 
Complementary Singapore Standard to SS EN 206-1”. 
 The aim of this project is to compliment the broader objective of the Ministry 
of National Development (Singapore) research project entitled “Performance 
Classification of Recycled Aggregates” 
 
 The main objectives of this project are as follows – 
1. To compare the properties of recycled aggregate from different sources and 
demolition site. 
2. To investigate the effects of replacement of natural aggregate with recycled 
concrete aggregate and recycled aggregate on properties of concrete. 
3. To study the effects of impurities and sources of recycled aggregate. 








1.5 Scope of work 
Samples of the RCA and RA will be collected from various recycling plants and 
demolition sites in Singapore at regular intervals. The sampling will be carried out 
randomly. Physical, mechanical and chemical properties of the RCA and RA will be 
determined.  More emphasis will be given to the study of RCA. 
 A total of more than 100 concrete mixes will be cast using a number of 
different aggregates; mainly natural aggregate (granite), recycled concrete aggregates 
(demolition concrete), recycled aggregates (old bricks) and tested for the following 
properties: 
i. Compressive strength,  
ii. Tensile splitting strength,  
iii. Flexural strength, 
iv. Modulus of elasticity, 
v. Drying shrinkage, 
vi. Rapid Chloride Permeability test 
vii. Alkali Silica Reaction test 
 
To above mentioned tests will be carried out to investigate for following: 
i. The variation in the physical, mechanical and chemical properties of the RCA 
and RA collect from various recyclers and at different intervals of production. 
ii. The effect of replacement percentage on the 14th day alkali silica reaction test 
of Recycled Aggregate Concrete with different RCA replacement. 
iii. The strength development of recycled aggregate concrete with time with 
different replacement percentage of RCA.  
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iv. The effect of RCA on flexural strength, tensile splitting strength and modulus 
of elasticity of recycled aggregate concrete at different replacement percentage.  
v. The effect of RCA on the rapid chloride permeability test of recycled aggregate 
concrete at different replacement percentage. 
vi. The effect of RCA on the 180th day drying shrinkage of recycled aggregate 
concrete at different replacement percentage. 











To achieve the objectives of this study, an extensive research program was planned. 
This chapter outlines the experiment program undertaken to assess the suitability of 
coarse RCA for use in structural reinforced concrete. The suitability was assessed from 
the basis of the extent of replacement of natural aggregate with RCA and its effect on 
the performance of the recycled aggregate concrete. A brief introduction of the 
constituent materials for producing concrete and an explanation of the test methods are 
also provided in this chapter. 
The research program was divided into three main phases as outlined below: 
 
Phase 1 
In phase 1, a visit was conducted to all the major recycling plants located at Sarimbun 
Recycling Plants, namely Samgreen recycling plant, Hua Tiong recycling plant, ECO 
CDW, Ley Choon recycling plant, Hock Chuan Hong recycling plant and Aik Sun 
recycling plant.  In addition, 2 demolition sites were also visited, namely Boon Lay 
HDB block 180-182 and Jurong Shun Qun School. RCA were collected from the 
recycling plants on a regular basis while demolition wastes were collected from the 
demolition sites to produce RCA and RA at the laboratory. 
 
Phase 2 
In phase 2, the RCA collected from the recycling plants as well as the RCA and RA 
produced in the laboratory were tested to determine its physical, mechanical and 
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chemical properties. The tests were carried out in accordance with the appropriate 
Singapore Standards, European Normatives and the ASTM Standards where applicable.  
The objective of this is to correlate the properties of the RCA with the performance of 
the corresponding recycled concrete aggregate. With this understanding, the 
requirements of the properties of RCA for specific application and performance of the 
recycled concrete aggregate can be established. This would allow for a performance 
approach classification of recycled aggregates. The properties of natural aggregates 
were also determined for comparison. 
 
Phase 3 
In phase 3, the RCA and RA were blended with natural aggregates in different 
proportions and the blended aggregates were then used to produce recycled concrete 
aggregates.  Concrete was also produced with natural aggregates for comparison. The 
performance of the concretes was then assessed in terms of the mechanical strength, 
deformation characteristics and durability. 
 
 The research program devised is shown schematically in Figure 2.1. For phase 
1, the work involved is mainly observing and documenting the processes in the 
recycling plant and the demolition sites. These observations will be used to cast some 
lights on the performance of the RCA and the recycled aggregate concretes. For phase 
2 and 3, a rigorous regime of tests was planned and carried out as detailed in the 
following sections.   
 





































2.1 Materials for Concrete 
 
2.1.1 Ordinary Portland cement 
Ordinary Portland Cement type EN 197-1 - CEM I 42,5 N, conforming to the 
requirements of SS EN 197 was used in the test. A large batch of the cement, sufficient 
for the entire test, was initially set aside. For this study, only the cement from this 
batch was used. This would ensure that any variance in properties or performance of 
the concrete would not be the outcome of the quality of the cement. The details of 
chemical and physical properties of the OPC used are shown in Table 2.1 
 




To conform with BS EN 1008, tap water was used for mixing and curing the concrete 
in this study. 
 
2.1.3 Coarse Natural Aggregate 
Crushed granite with a maximum size of 20 mm, specific gravity of 2.6 and complying 
with SS EN 12620:2008 was used as coarse natural aggregate in this study. Unlike 
cement, crushed granite was obtained from different batches of delivery and this 
practice is not expected to have any impact on the study as properties of crushed 
granites are observed to be relatively consistent between batches. 
 
2.1.4 Fine Natural Aggregate 
River sand with predominantly silica mineral and a specific gravity of 2.6 was used as 
fine natural aggregate in this study. Similar to crushed granite for coarse aggregate, 
river sand was obtained from different batches of delivery and this practice is also not 
expected to have any impact on the study. 
 
2.1.5 Superplasticizer (SP) 
In studies where a desired workability (slump value) had to be achieved without 
changing the water/cement ratio of the concrete, Daracem-100 Superplasticizer (SP) 
was used. The superplasticizer conformed to ASTM C 494 and only the dosage 
recommended by the manufacturer was used. The superplasticizer is assumed to have 
no effect on the performance of the concrete except for facilitating the reduction of 
water content without affecting the workability. 
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2.1.6 Recycled Concrete Aggregate / Recycled Aggregate 
In this study, RCA is defined to constitute less than 5% of impurities such as bricks, 
while RA is defined to constitute more 5% of impurities. These definitions are 
consistent with SS 544- Part 2:2009. 
 The RCA for this study was collected from the four recycling plants mentioned 
earlier.  For ambiguity, the RCA were labelled as obtained from sources A, B, C and D. 
This is to avoid any unfavourable comparison of the recycling plants pertaining to the 
quality of the RCA produced, which is clearly not the objective of the study. 
 The RA for this study was produced in the laboratory by crushing the 
demolition waste, mainly old bricks, collected from the abovementioned demolition 
sites, using a portable lab-scale jaw crusher. Different categories of RA were produced 
by mixing RCA from one of the recycling plants with old brick aggregates produced in 
the laboratory in different proportions. 
 
2.2 Experimental Program - Properties of RCA / RA 
Aggregate is one of the basic constituent of concrete. Its properties are of considerable 
importance because about three-quarter of the volume of concrete is occupied by 
aggregates. Coarse aggregate generally occupies about 30 to 40% of the volume of 
concrete and is therefore expected to influence the performance of concrete 
significantly. 
 The physical, mechanical and chemical properties of the RCA collected from 
the four recycling plants, hereinafter stated as source A, B, C and D, were determined 
in the laboratory according to the test methods specified in Table 2.2. About 200 kg of 
coarse aggregates were collected from each recycling plants, taken from five different 
locations of the stockpiles. The 200 kg of samples of each recycling plants were then 
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thoroughly mixed for homogeneity and thereafter, the sampling, specimen preparation 
and the methods of testing were carried out strictly in compliance with corresponding 
standards stipulated in Table 2.2.  In addition, the physical, mechanical and chemical 
properties of the RA (brick aggregate) and the natural aggregate (NA) were also 
accordingly determined. 
 The objective of this experimental program is to compare the variance in the 
properties of RCA between the four sources as well as the RA and NA. This 
observation would serve to highlight the possible variability in the quality of RCA 
produced locally and to understand the effect these qualities have on the performance 
of concrete.   
 
Table 2.2  Test Methods for Determining the Properties of RCA / RA  
 Properties Test Methods 
Physical 
Properties 
Sieve Analysis BS EN 933-2   
Particle Density, 
Water Absorption 
BS EN 1097-6:2000 
Flakiness Index BS EN-933-3:1997 








Value   
BS 812-110:1990 





BS EN 1744-1:1998 
Total Sulfur Content BS EN 1744-1:1998 
Alkali Silica Reaction ASTM 1260 
 
2.2.1 Sieve Analysis 
One of the physical properties of aggregate that influences the property of concrete is 
grading of aggregate. The grading of aggregate defines the proportions of particles of 
different sizes present in the aggregates. The grading of fine (size <4mm) and coarse 
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(size > 4 mm) aggregates are generally required to be within the limits stipulated in SS 
EN 12620:2008 
 The grading of the aggregates can be determined through sieve analysis. In the 
test aggregates are passed through a series of sieves with different sizes of openings.  
From the amount of aggregates retained on each sieve, the grading of the aggregate can 
be determined. The sieve analysis can be done either by hand or sieve shaker. It is 
recommended that using sieve shaker will increase the accuracy of the result and 
unlike sieving by hand which can only be done one sieve size at a time, sieve shakers 
allows the sieving of all sizes simultaneously (Nelson, 2004). According to Neville 
(1997), using a sieve shaker avoids lumps of fine particles being classified as large 
particles and prevents clogging of the finer sieves. The sample size of the coarse 
aggregate for test is 2 kg. SS EN 12620:2008, stipulates the opening size of 40 mm, 28 
mm, 20 mm, 10 mm, 5 mm and 2.5 mm for the sieve analysis test of coarse aggregates. 
 
2.2.2 Particle Density and Water Absorption 
Particle Density and 24 hours Water Absorption of aggregates are determined 
according to BS EN 1097-6:2000. Three states of particle density can be determined, 
that is apparent, oven-dried basis and surface-dried basis. The volume of the specimen 
is determined by Archimedes principle by submerging the specimen in water in a wire 
basket. The specimen is thereafter immersed in water for 24 hours and subsequently 
oven dried for 24 hours at 105’C. The particle densities and water absorption are 
calculated according to the following equation provided in the standard: 
Apparent particle density, ρa 
 ρa = ρw (M4) / (M4 - M2 + M3)  (2.1) 
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Particle density on an oven-dried basis, ρd 
 ρd = ρw (M4) / (M1 - M2 + M3)  (2.2) 
 
Particle density on a saturated and surface-dried basis, ρa 
 ρa = ρw (M1) / (M1 - M2 + M3)  (2.3) 
 
Water absorption, WA (as a percentage of the dry mass) after immersion for 24 h 
 WA = 100 (M1 - M4) / (M4)  (2.4) 
 
where, M1 is the mass of the saturated and surface dried aggregate in the air (in g), M2 
is the apparent mass in water of the basket containing the sample of saturate aggregate 
(in g), M3 is the apparent mass in water of the empty basket (in g), M4 is the mass of 
the oven-dried test portion in air (in g), ρw is the density if water at the temperature 
recorded when M2 was determined. 
 
2.2.3 Bulk Density 
The bulk density of the aggregate was determined according to BS EN 1097-3:1998. In 
the test, a test cylinder (Figure 2.2) of known volume is used and the mass of aggregate 
required to fill the cylinder is determined from the difference in mass between filled 
and empty cylinder. The bulk density ρb is calculated for each test specimen from the 
equation, 
 ρb = (M2  –  M1) / V (2.5) 
 
where, M2 is the mass of the container and test specimen in kg, M1 is the mass of the 
empty container in kg and V is the capacity of the container in litres. 
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Figure 2.2  Bulk Density Testing Cylinder 
2.2.4 Moisture Content 
Moisture Content of coarse aggregate was determined according to BS 812: Part 109. 
In the test, about 2 kg of aggregate sample is oven dried at 105’C for 24 hours and 
from the difference in weight before and after drying, the moisture content is 
determined. The moisture content mc is calculated from the equation,  
 
 mc = 100 (M1  - M2) / M2 (2.6) 
 
where M1 and M2 are the mass before and after oven dried. 
 
2.2.5 Flakiness Index 
Flakiness Index is the percentage, by mass, of the particles whose least dimension is 
less than three-fifths of the mean dimension. The flakiness of the coarse aggregates has 
an adverse influence on the workability and the mobility of concrete. Flakiness Index 
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test are carried out according to BS EN-933-3:1997. In the test, about 2 kg of 
aggregate samples are dried at 110 ̊C until the constant mass is obtained. The dried 
samples are first sieved to separate into various sizes and thereafter slotted through the 
bar sieves which have parallel slots as shown in Figure 2.3. Flakiness index is 
calculated as the total mass of particles passing the bar sieves expressed a percentage 
of the total dry mass of particles tested. 
 
Figure 2.3 Flakiness Test Sieve 
 
2.2.6 Alkali Silica Reaction 
Alkali Silica Reaction (ASR) is the most common form of alkali-aggregate reaction in 
concrete. It is a reaction between the hydroxyl ions in the alkaline cement pore solution 
in the concrete and reactive forms of silica in the aggregate (eg: chert, quartzite, opal, 
strained quartz crystals). ASR can cause serious expansion and cracking in concrete, 
resulting in major structural problems and sometimes necessitating demolition. 
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 During ASR, a gel is produced, which increases in volume by taking up water 
and so exerts an expansive pressure, resulting in failure of the concrete. The gel may 
be present in cracks and within aggregate particles. The best technique for the 
identification of ASR is the examination of concrete in thin sections, using a 
petrographic microscope. Alternatively, polished sections of concrete can be examined 
by scanning electron microscopy (SEM); this has the advantage that the gel can be 
analysed using X-ray microanalysis in order to confirm the identification beyond any 
doubt. 
 In the absence of both the above methods, ASR can also be tested by the 
accelerated mortar bar test. In this research, ASR test was carried out according to 
ASTM C 1260 – Standard Test Method for Potential Alkali Reactivity of Aggregates 
(Mortar Bar Method), or more generically, the accelerated mortar bar test. This test has 
been intensively used all around the world under different codes which involve slight 
modifications. The test is based on the South African NBRI method proposed by Davis 
and Oberholster (1986). It has been very popular since it is relatively quick and easy to 
perform. The method requires the periodic length measurement of 25×25×285-mm 
mortar bars which are immersed in 1 N NaOH solution at 80°C.  The length change, or 
expansion, after 14 days immersion (16 days since casting) is taken as the indication of 
potential reactivity. ASTM C1260 considers expansion of > 0.20% as reactive and < 
0.10 as innocuous; expansion between 0.10% and 0.20% is inconclusive and requires 
additional testing. The ASR apparatus is essentially a digital gauge shown in Figure 
2.4 to measure the mortar bar length.  
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Figure 2.4 Alkali Silica Reaction (ASR) apparatus 
 
2.2.7 Aggregate Crushing Value 
The aggregate crushing value is a value which indicates the ability of an aggregate to 
resist crushing. The lower the figure the stronger the aggregate, i.e. the greater its 
ability to resist crushing. The aggregate crushing value is determined according to BS 
812-110:1990.  In the test, aggregates of sieve size between 10 mm and 14 mm are 
placed in a steel cylinder and subjected to a load of 400 kN though a plunger as shown 
in Figure 2.5.  This action crushes the aggregate to a degree which is dependent on the 
crushing resistance of the material. This degree is assessed from the amount of crushed 
aggregate passing through sieve size 2.35 mm and is taken as a measure of the 
aggregate crushing value (ACV).  The ACV is computed from the equation 
 
 ACV = (M2 / M1) x 100 (2.7) 
 
where M2 is the mass of the test specimen (in g) and M1 is the mass of the material 
passing the 2.36 mm test sieve (in g). 
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Figure 2.5  Aggregate Crushing Test Machine 
 
2.2.8 Aggregate Impact Value 
 The Aggregate Impact Value (AIV) measures the resistance of aggregate to 
sudden impact. The AIV test was done according to BS 812-112:1990. The AIV value 
gives a relative measure of the resistance of the aggregate to sudden shock or impact. 
The test samples are prepared by sieving coarse aggregates with sieve size 10 mm and 
14 mm, and collecting samples passing through the 10 mm sieve and retained in the 14 
mm sieve. The test specimen is then compacted, in a proper procedure, in an open steel 
cup. The specimen is then subjected to a number of standard impacts from a dropping 
weight as shown in Figure 2.6. This action breaks the aggregate to a degree which is 
dependent on the impact resistance of the material. This degree is assessed from the 
amount of crushed aggregate passing through sieve size 2.35 mm and is taken as a 
measure of the aggregate crushing value (AIV). 
 
    AIV = (M2 / M1) x 100     (2.8) 
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where M1 is the mass of oven-dried test specimen (in g) and M2 is the mass of oven-
dried material passing the 2.35 mm test sieve (in g) 
 
 
Figure 2.6 Aggregate Impact Testing Equipment 
 
2.2.9 Los Angeles Test 
The Los Angeles Test also known as LA test is useful to evaluate the resistance of 
recycled aggregates due to the effect of wear and abrasion impact. The test is carried 
out according to BS EN 1097-2:1998. The test samples are prepared by sieving coarse 
aggregates and collecting samples passing through sieve size 14 mm and retained in 
sieve size 10 mm.  5 kg of test samples are used for the test. The test samples are rolled 
with steel balls in a rotating drum, shown in Figure 2.7 for 500 revolutions at a 
constant speed between of 31 and 33 rpm. After rolling is completed, the quantity of 
material retained on 1.6 mm size sieve is determined. The LA value is determined as 
  
    LA = (5000 - M) / 50     (2.9) 
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where M is the weight of the material retained on 1.6 mm sieve.  
 
 
Figure 2.7   Los Angeles testing Drum 
 
2.2.10 Water Soluble Chloride Test 
The presence of chlorides in aggregates have little significant influence on the 
properties of plain concrete but in reinforced concrete they can give rise to corrosion of 
steel reinforcement. This also applies for recycled aggregates. SS EN 12620:2008 
specifies the determination and declaration of water-soluble chloride ion content in 
accordance with BS EN 1744-1. Where the water-soluble chloride ion content is 
known to be 0.01% or lower, this value may be used in calculations for the chloride 
ion content of the concrete. 
 In this test, the percentage of water soluble chloride present in the aggregate 
sample is determined by first dissolving the chloride in water and then measuring the 
chloride content in the extract by titration. The chloride content in the extract is 
measured by Volhard titration where an excess of silver nitrate solution is added to the 
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chloride solution and the unreacted portion is back-titrated with a standardized solution 
of thiocyanate, using ammonium iron (III) sulfate solution as an indicator. The 
chloride extract and the sample indicator are shown in Figure 2.8. The chlorides are 
expressed in terms of, and reported as, the chloride ion content as a percentage by mass 
of the aggregate. 
 
Figure 2.8  Water Soluble Chloride Test Indicator 
 
2.2.11 Total Sulphur Content 
The presence of sulphates in sufficient quantities in aggregate can react with cement 
compounds and leads to excessive expansion which caused cracking in concrete. The 
total sulphur content in the aggregate was determined according to BS EN 1744-
1:1998.  In the test, the aggregate test sample is treated with bromine and nitric acid to 
convert any sulfur compounds present to sulfates; the sulfates are precipitated and 
weighed in the form of BaSO4. The sulfur content is expressed as a percentage by mass 
of the aggregate. The total sulfur content of the aggregate, expressed as S, is calculated 
from the following equation: 
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 S = (M5 / M4) x 1374 (in %) (2.10) 
 
where M5 is the mass of precipitate and M4 is the mass of the test portion in grams. 
 
2.3  Experimental Procedure  -  Recycled Aggregate Concrete 
To study the effect of RCA and RA on the performance of concrete, extensive research 
was carried out by casting concrete specimens with RCA and RA and testing for their 
properties and performance. The investigation was carried out in two fronts, one in 
which to study how the performance was affected by the replacement percentage of 
NA with RCA and the other to study how the performance was affected by the level of 
impurities in the RA. 
 The properties and performance of concrete that were investigated include 
compressive strength, flexural strength, tensile splitting strength, elastic modulus, 
drying shrinkage and rapid chloride penetration test (RCPT). 
 
2.3.1 Test Specimen Preparation 
To investigate the properties and performance of concrete, the appropriate test 
specimen as elaborated later, were prepared. In the first front in which the performance 
of concrete affected by the replacement percentage of NA with RCA was studied, the 
test programme is provided in Table 2.2.   
 A replacement percentage of 20%, 50% and 100% of NA with RCA were 
studied as denoted in Table 2.3 as P20, P50 and P100 respectively. These three 
replacement percentage was selected to represent the effect of low, intermediate and 
high replacement of NA with RCA. The performances of these concrete were 
compared against that of the concrete made with 100% NA. Three grades of concrete, 
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namely C30, C60 and C80, were targeted in the investigation to study the effect of 
replacement percentage of NA with RCA.  
 
Table 2.3   Proportion of RCA replacement in concrete 
Sample RCA % 
 
Cube (100mm x 100mm) 
 
Purpose 
  3- Days 7- Days 28-Days  
Grade 30 
P20 3 3 3 Compressive 
Strength P50 3 3 3 P100 3 3 3 
Grade 60 
P20 3 3 3 Compressive 
Strength P50 3 3 3 P100 3 3 3 
Grade 80 
P20 3 3 3 Compressive 
Strength P50 3 3 3 P100 3 3 3 
Sample RCA % 
 




P20 6 Flexural Strength, 
Drying Shrinkage P50 6 P100 6 
Grade 60 
P20 6 Flexural Strength, 
Drying Shrinkage P50 6 P100 6 
Grade 80 
P20 6 Flexural Strength, 
Drying Shrinkage P50 6 P100 6 
Sample RCA % 
 




P20 9 Tensile Splitting 





P20 9 Tensile Splitting 





P20 9 Tensile Splitting 







In the second front in which the performance of concrete affected by the impurities in 
RCA was studied, the test programme is provided in Table 2.4. Aggregates produced 
by crushing old bricks collected from demolition site were used as impurities to 
adulterate the RA.   
 
Table 2.4   Brick, RCA and NA mix proportion 
 
Category Category % Recycled Aggregates Natural Aggregates 






80 % RCA 20 % Brick 
RB50 
20% RA 
50% RCA 50% Brick 
 
In this study, the NA was replaced by 20% of RA. The 20% of RA constitutes 80% of 
RCA and 20% brick denoted as RB20 in the first set and thereafter 50% of RCA and 
50% brick denoted as RB50 in the second set.     
 Likewise, three grades of concrete, namely G30, G60 and G80, were targeted 
in the investigation to study the effect of impurities in RA. The design mixes for the 
three grades of concrete are provided in Table 2.5. All the RCA and RA to produce the 
concrete test specimen were pre-soaked in water for 24 hours before mixing with the 
other ingredients for the concrete. This is to avoid the water/cement ratio of the design 





















Grade30       
P0 385 225 835 940 0 - 
P20 385 225 835 752 168 - 
P50 385 225 835 470 420 - 
P100 385 225 835 0 840 - 
Grade60       
P0 600 225 655 900 0 60 
P20 600 225 655 720 161 60 
P50 600 225 655 450 401 60 
P100 600 225 655 0 802 60 
Grade80       
P0 750 225 562 843 0 130 
P20 750 225 562 675 150 130 
P50 750 225 562 422 376 130 
P100 750 225 562 0 752 130 
 
 In the mixing procedure, the recycled aggregates and natural aggregates were 
dry mixed in the mixer for one minute (see Figure 2.9), followed by the addition and 
mixing of fine aggregates and cement. 
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Figure 2.9 Brick and Recycled Concrete Aggregates Mixture before casting 
 
 After water was added, the concrete was thoroughly mixed in the mixer to 
obtain a uniform mix. Finally super-plasticizer was added to the mix to achieve the 
desired slump of 75mm ± 25mm and workability of the concrete. Figure 2.10 shows 






Old Brick + RCA  Old Brick 
 
20mm Natural Aggregates 20mm Recycled Concrete 
Aggregates (RCA) 
RCA larger than 20mm 
(Demolition Site) 
Figure 2.10   Different Mixtures and Types of Aggregate  
 
2.3.2 Compressive Strength of Concrete 
Compressive strength tests were performed on 100 mm concrete cube specimens at the 
ages of 3, 7 and 28 days according to BS EN 12390-3:2009. The concrete cube 
specimens were tested in the 300 kN Denison Compression Machine as shown in 
Figure 2.11 at a loading rate of 200kN/min. The average of the 3 specimens was taken 
as the compressive strength of the concrete. 
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Figure 2.11   300kN Denison Compression Machine 
 
2.3.3 Tensile Splitting Strength of Concrete 
Tensile Splitting strength tests were carried out in accordance to BS EN12390-6:2000 
using 100 mm x 200 mm cylinders. The 300 kN Denison Compression Machine was 
used and the loading rate was set at 95kN/min for all the cylinders. Figure 2.12 
illustrate the tensile splitting strength test in progress. The average of the 3 specimens 







Figure 2.12   Testing of cylinder specimen in 300kN Denison Machine 
 
2.3.4 Flexural Tensile Strength of Concrete 
Flexural tensile strength of concrete are determined according to ASTM C 78 using 
prisms of size 100 mm x 100 mm x 400 mm  under three point loading. The 500kN 
Instron Actuator as shown in Figure 2.13 was used for the test. The concrete prism 
were tested using three-point loading with the specimens simply supported with a clear 
span of 300mm. Linear variable differential transducers (LVDTs) were used to control 
the rate of displacement and to measure mid-span deflection on both sides of the 
specimen. The displacement was applied at a constant rate of 0.1mm/min. The average 





Figure 2.13   Concrete Prism tested in a 500kN Instron Actuator 
 
2.3.5 Modulus of Elasticity of Concrete 
Cylinder specimens (100mm x 200mm) were used to determine the modulus of 
elasticity of concrete. The tests were carried out according to BS 1881: Part 121:1983 
(Method for determination of static modulus of elasticity in compression). The test 
load was set at one-third the 28-day cube compressive strength of the concrete. Figure 
2.14 shows the set-up of testing machine for determining the elastic modulus of 








Figure 2.14   300kN Denison Machine for modulus of elasticity 
 
2.3.6 Drying Shrinkage of Concrete 
Prismatic concrete specimens of dimensions 100 mm x 100 mm x 400 mm were used 
to monitor the drying shrinkage of the hardened concrete. A total of three concrete 
prismatic specimens were prepared for each test. 
 After casting, the specimens were covered with a plastic sheet to prevent 
evaporation until demolding. The specimens were demoulded the next day after 
casting and Demec pins were fixed onto the specimen using Aradlite fast setting epoxy. 
The initial measurements were taken 1 hour after the installation of the Demec pins. 
Drying shrinkage start to measure on the next day after casting. 
 The test specimens were stored in a room equipped with air circulating system 
which consisted of fresh and exhaust air blowers, with temperature was maintained at 
30 ± 2 °C with a relative humidity of 65 ± 5 % throughout the test period of 180 days.  
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Measurements of the test specimen length were taken periodically for a period up to 
180 days in the room with a Demec gauge as shown in Figure 2.15. The Demec gauge 




Figure 2.15   Demec Gauge to measure drying shrinkage of concrete 
 
2.3.7 Rapid Chloride Permeability Test (RCPT) 
The RCPT of concrete was carried out according to ASTM C 1202 using the German 
instrument PROOVE IT. After 28 days of curing, each concrete cylinder was cut into 
three Ø100×50 mm specimens after approximately 10 mm from the top and bottom has 
been removed and the surface grounded. The specimens were subjected to 
conditioning specified by the standard before testing as follows. The test method 
involves obtaining a 100 mm (4 in.) diameter core or cylinder sample from the 
concrete being tested. A 50 mm (2 in.) specimen is cut from the sample. The side of 
the cylindrical specimen is coated with epoxy, and after the epoxy has dried, it is put in 
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a vacuum chamber for 3 hours. The specimen is vacuum-saturated for 1 hour and 
allowed to soak for 18 hours. It is then placed in the test device as shown in Figure 
2.16. The left-hand side (–) of the test cell is filled with a 3% NaCl solution. The right-
hand side (+) of the test cell is filled with 0.3N NaOH solution. The system is then 
connected and a 60-volt potential is applied for 6 hours. Readings are taken every 30 
minutes. At the end of 6 hours the sample is removed from the cell and the amount of 
coulombs passed through the specimen is calculated. Figure 2.16 shows the 
experimental set up of RCPT.  
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CHAPTER 3 
PROPERTIES OF RECYCLED AGGREGATE 
 
 
The properties of aggregates have great influence on the properties and performance of 
concrete as fine and coarse aggregates constitutes about 30% and 40% of the volume 
of concrete, respectively. To understand the effect of RCA on the properties and 
performance of recycled aggregate concrete, it is inevitable that one has to thoroughly 
study and understand the properties of the RCA and RA first.   
This chapter presents the results of the experiments carried out to determine the 
physical, mechanical and chemical properties of the RCA and RA. Comparison of the 
test results would provide an insight on (1) how the quality of the RCA from the four 
recycling plant varies, (2) how the quality of the RCA and RA with different level of 
alteration varies and (3) how the quality of the RCA and RA compares with that of 
natural aggregates.  The comparison of the consistency in the quality of the RCA from 
the four recycling plant over a period of 6 months is relegated to Chapter 5 and will not 
be discussed here. 
 
3.1 Physical Properties of Recycled Aggregates 
 
3.1.1 Masonry Content  
Figure 3.1 shows the masonry content (impurities) of the recycled aggregate sampled 
from the various recycling plant. As can be seen, the content of impurities ranges from 
2% to 3% in the recycled aggregate from the four recycling plants. This is largely due 
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to the recycling plants sorting the demolition before crushing and screening. The 
impurity content is lower than the limit of 5% and therefore, according to SS 544- Part 
2:2009, the aggregates produced in the recycling plants satisfy the requirement to be 























Figure 3.1 Masonry Content 
 
3.1.2 Sieve Analysis 
 
Recycled Concrete Aggregates from Recycling Plant 
Figure 3.2 shows the graph of grading for recycled coarse aggregates from the four 
sources, brick aggregates and natural aggregates. The brick aggregates produced in the 
laboratory using the jaw crusher were relatively finer than the other aggregates. Bricks 
being generally softer than the other aggregates had a tendency to crush into smaller 
pieces. The grading curve of the RCA from two sources and the NA were within the 
upper and lower limits whereas the curves of the RCA from the other two sources were 
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slightly out of the limits. The aggregates from the latter two sources were generally 
























Figure 3.2 Grading Analysis for Coarse Recycled Aggregates 
 
Recycled Concrete Aggregates from Demolition Site Plant and Recycling Plant 
Figure 3.3 shows a comparison of the grading curves for RCA collected from 
demolition site plant and recycling plant. RCA produced on the demolition site and 
recycling plant by the same contractor shows distinct differences. RCA from site is 
much coarser and the results fall outside the allowable limits. This may be due to 





























Aggregate grading Analysis - Demolition Site and Plant
 
Figure 3.3 Grading analysis for Site Plant and Recycling Plant 
 
3.1.3 Initial Moisture Content 
The initial moisture content results of the sampled aggregates are given in Figure 3.4. 
Natural aggregate had the lowest initial moisture content at less than 1% while the old 
brick had the maximum moisture content at about 15%. The initial moisture contents 
of RCA from the recycling plants were all about 5%. The initial moisture content 
depends very much on the storage condition and may not be comparable on hindsight. 
However, the result clearly indicates the potential effects the RCA and the old brick 
aggregate may have on concrete, in particular the difficulty in maintaining the 
consistency of the concrete quality. When aggregates has high initial moisture content, 
the potential and the range of the variation of the initial moisture content will also be 
high. The consequence is that the actual water/cement ratio may deviate greatly from 




























Figure 3.4 Initial Moisture Content of Recycled Concrete Aggregates 
 
3.1.4 Water Absorption  
The water absorption of the RA from sources A, B, C and D, natural aggregates and 
old brick vary greatly as shown in Table 3.1. From the results, all the RCA samples 
have much higher water absorption capacity as compared to coarse natural aggregates 
while old bricks had the highest value. Amongst the RCA from the various sources, 
source D exhibited the highest water absorption rate at about 5.96% while source C 
was the lowest at 4.34%. The low water absorption of natural aggregates of about 
0.89% clearly indicates the contribution of the adhering mortar towards increasing the 
water absorption of the RCA.   
 Tam et. al (2008) highlighted that the most obvious attributes of RCA and 
natural aggregate is the higher water absorption rate of RCA, which is mainly affected 
by the amount of cement paste attached on the aggregate surface that describes the 
soundness of aggregate.  The properties and performance of RCA concrete greatly 
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depend on the water cement ratios. Furthermore, the high water absorption of the RCA 
introduces variability in the water/cement ratio which ultimately influences the 
consistency of the concrete. It is therefore important to take into consideration the high 
water absorption capacity of RCA when designing the mix. 
 RCA with a higher absorption rate tends to be weaker in strength and resistance 
to freezing and thawing than normal aggregates (Hansen, 1986). Therefore, in 
designing RCA concrete, a greater standard deviation in the performance has to be 
assumed. Pre-soaking the RCA for 24 hours to achieve SSD condition before concrete 
mixing may help to reduce the inconsistency but may not be practical commercially. 
 The water absorption capacity of brick aggregate is about five times that of 
RCA which shows that when the impurities content in RCA or RA is high, the water 
absorption will also significantly increase. 
 Another observation made was that the aggregate from source D had higher 
water absorption capacity and smaller particle size compared to the other sources. This 
highlights that smaller particle size will have greater surface areas and therefore high 
water absorption capacity. 
 
Table 3.1 Water Absorption Capacity of Recycled Concrete Aggregates 
Sources Water Absorption (%) 
Source A 5.04  
Average 
4.95 Source  B 4.46 
Source C 4.34 
Source D 5.96 
Natural Aggregate 0.89 
Old Brick 24.41 
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3.1.5 Particle Density 
Table 3.2 shows that all RCA samples have lower densities vis-a-vis natural aggregates 
due to the fact that density of old mortar attached to the aggregates is relatively lower. 
Old brick (RA) has a lower particle density as compared to RCA because RA has 
higher porosity than RCA. Aggregate particle density is an essential property for 
concrete mix design and also for calculating concrete volume produced from a certain 
mass of materials (Hewlett, 1998). The lower the density, the higher the cement mortar 
content attached to the RCA. Source D have the lowest values of particle density, 
indicating the highest amount of cement mortar attached to RCA when compared with 
other samples. Moreover, the larger the size of the aggregates, the smaller the 
percentage of cement mortar attached to its surfaces and the better the aggregate 
quality will be (Tam et al. 2008). 
 
Table 3.2 Particle Density of Recycled Concrete Aggregate 
  Particle  Density 
  OD SSD 






Source  B kg/m3 2320 2456 
Source C kg/m3 2307 2436 
Source D kg/m3 2200 2362 
Natural Aggregate kg/m3 2580 2603 





3.1.6 Specific Gravity 
Table 3.3 shows the oven-dried (OD) and saturated surface dried (SSD) specific 
gravity of the RCA, RA and NA studied. As expected, the OD and SSD specific 
gravity of NA was the highest amongst the aggregate tested. This is simply because of 
the absence of mortar, in the NA, which is relatively lighter than that of granite.   
 
Table 3.3 Specific Gravity of Recycled Concrete Aggregates 
Sources Specific Gravity  
(OD) 
Specific Gravity  
(SSD) 






Source  B 2.32 2.46 
Source C 2.31 2.44 
Source D 2.20 2.36 
Natural Aggregate 2.58 2.60 
Old Brick 1.57 1.95 
 
 The OD and SSD specific gravity of RCA are generally in the range of 2.3 and 
2.4, respectively. Unlike NA, there is a noticeable difference in the OD and SSD 
specific gravity of RCA. This again is due to the higher water absorption capacity of 
the RCA.  Therefore, compared to NA, the density of concrete with RCA can be 
expected to be lower with higher variability due to the higher variability in the 
moisture content of the RCA in the concrete. 
 Also as can be observed for the aggregate from source D, the lower the specific 
gravity, the higher would be the variability between OD and SSD specific gravity due 
to greater amount of mortar adhering to the granite. 
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 The brick aggregate had the lowest specific gravity with the largest margin 
between OD and SSD specific gravity. This also emphasizes the concern of having too 
much impurities in the RA as it would lead to lower specific gravity and greater 
difference between OD and SSD, and hence greater inconsistency in the quality of the 
concrete. 
 
3.1.7 Bulk Density 
Bulk density can be measured as compacted or uncompacted to demonstrate the two 
extremes of the bulk density. Table 3.4 shows the compacted and uncompacted bulk 
densities of the RCA, RA and NA in this study. The bulk density of NA is within the 
range of 1200 kg/m3 to 1800 kg/m3 as observed by Smith and Collis (2001) for natural 
aggregates. 
 
Table 3.4 Bulk density of Recycled Concrete Aggregates 
Sources  Bulk Density 
  Compacted Uncompacted 






Source  B kg/m3 1384 1252 
Source C kg/m3 1353 1212 
Source D kg/m3 1338 1192 
Natural Aggregate kg/m3 1621 1535 
Old Brick kg/m3 1065 964 
 
 Unlike the specific gravity where the difference between RCA and NA is only 
about 10%, the difference in bulk density of the RCA and NA is much higher, about 
20%. This shows that NA has a tendency to be packed more closely either in a 
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compacted or uncompacted state, or conversely, the RCA, with the adhering mortar, 
has higher bridging capacity and hence create greater voids. Whichever the reason, the 
observation clearly shows that RCA is less compactable and hence may not help in 
producing a dense concrete. 
 
3.1.8 Flakiness Index 
Hewlett (1998) reported that the characteristics and variations of aggregate particle 
shape can affect workability and strength of concrete and flakiness index is a good 
measure of it.  Kaplan (1958) observed that the strength of the concrete tends to be 
reduced by increasing flakiness, with flexural strength being more affected than 
compressive strength. Improvement in aggregates particles shape can enhance the 
workability, strength and durability of the concrete. Smith and Collis (2001) reported 
that particle shape limit for concrete aggregates can be a major consideration for the 
aggregates crushing plants. 
 It is interesting to note from the test results in Table 3.5 that the flakiness index 
of RCA can vary greatly ranging from 0.0 to 5.26. The flakiness index of NA was 2.86. 
As a general rule, the flakiness index would be larger if the aggregates are more 
rounded in shape. The large variation in flakiness index of RCA indicates that the 
effect of crushing in the four plants varies greatly even though the types of crusher 
deployed were the same, that is, generally all the recycling plants used cone crushers. 
But in general the flakiness index of RCA was lower that NA and hence would help in 
interlock bonding leading to higher compressive strength of concrete. However, this 
ability of greater interlocking was not prominent when compressive strength was tested, 
as will be shown in the following chapter.  
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Table 3.5 Flakiness Index of Recycled Concrete Aggregates 
Sources  Flakiness Index 
Source A % 0.5 
Ave 
1.8 
Source  B % 5.3 
Source C % 0.00 
Source D % 1.6 
Natural Aggregate % 2.9 
Old Brick % 0.8 
 
3.2 Chemical Properties of Recycled Aggregates 
3.2.1 Water Soluble Chloride Content 
The SS EN 12620:2008 requires the water soluble chloride content of coarse 
aggregates for use in structural concrete to be less than 0.01% to prevent any corrosion 
of steel bars in the reinforced concrete. Chloride ions have the special ability to destroy 
the passive film on steel, even at high alkalinities. The test results plotted in Figure 3.5 
show that all the recycled concrete aggregates, natural aggregate and brick aggregate 
tested had water soluble chloride content less than the limit specified in SS EN 
12620:2008. It is important to keep chloride contents below the limit; RCA chloride 
contamination derived from marine structures or similarly exposed structural elements 
is of concern which can lead to corrosion of steel reinforcement (Tam et al. 2008). 
 The chloride content in recycled concrete aggregates depends very much on the 
source of demolition waste. Concrete used in marine and coastal structures does have 
exceptionally high chloride content and is best not used to produce recycled concrete 
aggregates from structural uses. Even concrete pavements in cold countries where salt 
is used as de-icing agents also contain high chloride content. But, nevertheless, it is 
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sometimes difficult to identify the source of demolition waste and it is best to enforce a 























Figure 3.5  Comparison of water soluble chloride content in the recycled concrete 
aggregates from different sources 
 
3.2.2 Total Sulphur Content  
According to SS EN 12620:2008 the total sulphur content allowable in coarse 
aggregates for use in structural concrete is 1% to prevent sulphate attack in the 
concrete.  The damage caused by sulphate attack involves cracking, expansion of 
concrete, and softening and disintegration of cement paste. Figure 3.6 shows that the 
total sulphur contents for all the aggregates tested are lower than the allowable limits. 
The natural aggregates had no sulphur content at all. This indicates that the sulphur 
content in all the recycled concrete aggregates tested are either from the mortar 
adhered onto it or the contaminants adulterating the recycled concrete aggregates. 
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Occurrence of sulphate-based products such as gypsum as contaminants in demolition 
waste is common.  The test results show a large variation in sulphur content amongst 
the four recycling plant and therefore leads to the conclusion that sulphur content is 
more erratic and can vary greatly as the source of the demolition waste is largely 
unknown and not controlled. Hence, testing the sulphate content of every batch of 
RCA before using in structural concrete is recommended. Consideration can also be 
given to use sulphate-resisting cement in situations where gypsum contamination is 






























Figure 3.6  Comparison of total sulphur content in the recycled concrete 





3.3 Mechanical Properties of Recycled Aggregates 
 
3.3.1 Aggregate Crushing Value (ACV) 
The chart in Figure 3.7 shows the Aggregate Crushing value (ACV) of RCA from 
various sources. The ACVs of RCA from the different sources were marginally 
different but they were all higher than that of natural aggregate and lower than that of 
old brick aggregate. This is anticipated as natural aggregate had greater resistance 
against crushing whereas old brick crushes easily. The observation suggests that RCA 
may not be very suitable for application such as pavement concrete where low ACV is 
desired for durability against wear and tear.  However, with partial replacement of NA 
with RCA, the ACV may not be affected significantly but the acceptable replacement 





























Figure 3.7 Aggregate crushing values of RCA from different sources 
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3.3.2 Aggregate Impact Value (AIV) 
According to the results shown Figure (3.8), all the RCA and natural aggregates had 
almost same aggregate impact values expect for the old brick. Old brick AIV was 
about 40% higher than the other samples. The probable reason is due to brick being 
brittle in nature.  Brittle materials have lower resistance to sudden impact. Eden and 
French (1991) reported that there is often a simple relationship between the flakiness 
index of the aggregate and its aggregate impact value (AIV) and aggregate crushing 
value (ACV). In general, the lower the flakiness indexes, the higher the AIV and ACV. 
Hence, comparing the AIV and ACV values with specifications requires knowledge of 
the flakiness index.  However, when the test results were compared, it was observed 
that the RCA from source C had minimum flakiness index but its ACV and AIV values 
were not the highest amongst the results but relatively high.  But, nevertheless, it was 
observed that ACV and AIV of the RCA seems to be linearly correlated signifying that 
























Figure 3.8 Aggregate Impact values of RCA from different sources 
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3.3.3 Los Angeles (LA)  
Figure 3.9 shows that the old brick has the lowest wear and abrasion resistance 
whereas the natural aggregate has the highest wear and abrasion resistance. The RCA 
LA value is understandably higher than natural aggregate due to the presence of weak 
mortar adhering to the aggregate particles. This gives the possibility for LA values to 
be used as an indicator of mortar content attached on the RCA. Higher LA value would 
indicate higher mortar content. Amongst the different RCA, source D had the highest 
LA values which can be interpreted as RCA from source D having more mortar 
attached on the surface of aggregates. This observation is in line with that of Ugur 

































3.4 Durability Properties of Aggregates  
 
3.4.1 Alkali Silica Reaction (ASR) 
The potential of ASR is measured by the expansion in the mortar bar cast using the 
RCA.  Figure 3.10 clearly indicates that the expansion of mortar bars cast using RCA 
is much higher than that of natural aggregates. However, the expansion is still 
negligible and within the limits specified in ASTM 1260. RCA from Source A showed 
higher percentage of expansion compared to other sources. This may be due to the 
higher percentage of reactive silica content in the old adhering mortar or greater 
alkalinity of the concrete with RCA as observed by Dhir and Paine (2003). The greater 




























Figure 3.10  Comparison of alkali silica reaction expansion in the recycled 
concrete aggregates from different sources  
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PROPERTIES OF RECYCLED AGGREGATES CONCRETE  
 
 
In Chapter 3, the properties of recycled concrete aggregates were investigated and 
compared with that of natural aggregates. The comparison gave some insight on the 
similarities and differences in their properties. This information will be used in 
rationalizing some of the observations in this chapter which investigates the effects of 
using recycled concrete aggregates in concrete. 
 The effects on the properties and performance of the fresh and hardened 
concrete were investigated when different replacement percentages and different 
impurity levels of recycled concrete aggregate were used. As explained in chapter 2, 
three replacement percentages (20%, 50% & 100%) and impurity level of up to 50% 
were considered in the study.  The effects on concrete of grade C30, C60 and C80 
were studied.  
 In addition, RCA produced on demolition sites were also used to produce 
concrete and compared with the control as well as concrete with recycling plant 
produced RCA.  However, only 20% replacement was considered in this study. 
 Concrete produced with natural aggregate was taken as the control when 
comparing the performance of concrete produced with recycled concrete aggregate, 
hereinafter known as recycled aggregate concrete (RAC). The method of testing for the 
properties and performance of fresh and hardened RAC was illustrated in chapter 2. 
The concrete mixes for this study were proportioned according to the conventional 
DOE/BRE mix design method. 
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4.1 Properties of Fresh Recycled Aggregates Concrete 
 
4.1.1 Workability of fresh recycled aggregate concrete   
The RCA used for producing the concrete were pre-soaked for 24 hours and dried to 
SSD condition before using. The concrete was designed for a slump of 75mm ± 25mm 
and as can be seen in Figure 4.1 to 4.3, all the concretes were able to achieve the 
designed slump.  These include the concrete of Grade 30, Grade 60 and Grade 80 
produced with a replacement percentage of 20%, 50% and 100% of RCA from all the 
sources.  However, the slump of the concrete with natural aggregate was marginally 
higher in all the cases. 
 This observation clearly shows that when RCA is used under SSD condition, 
the mixing water need not be adjusted to achieve the designed slump. But nevertheless, 
the marginally lower slump of RAC when compared with the reference concrete seems 
to suggest that the adhering mortar on the RCA do provide some resistance to flow of 
the concrete. However, a rheological study would be required to confirm. It is not 
practical to pre-soak and achieve SSD condition for RCA in the industry, and therefore 
mixing water can be increased to compensate for the higher water absorption of the 
RCA.  However, the additional mixing water required may not be easily determined 
and it is often easier to achieve the required slump with chemical admixtures. This not 
only achieves the required slump but also increase the strength of the concrete due to 
the lower water/cement ratio, although costs may be higher. 
 In this study, RCA under SSD condition was used so that any variation in the 
properties and performance of the concrete can be directly attributed to the properties 
of the RCA and not due to the change in the mix design resulting from the mixing 
water being absorbed by the RCA.  As the design slump could be achieved in all the 
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mixes, this attest to the assumption that mix design does not alter the water absorption 
potential of the RCA.  During the mixing, it was observed that no bleeding took place 



































































Figure 4.3 Slump versus percentages of Grade 80 RAC 
 
4.2 Properties of Hardened Recycled Aggregates Concrete 
The properties of hardened RAC investigated include compressive strength, tensile and 
flexural strengths, modulus of elasticity, and shrinkage of concrete. These properties 
are deemed to be the performance indicators that are of interest to practicing engineers.  
 
4.2.1 Compressive Strength 
 
4.2.1.1 Effect of Replacement Percentage 
In this section, the effect on the compressive strength of concrete made by partially and 
fully replacing natural aggregate with RCA is investigated. As mentioned earlier, the 
RCA were obtained from four different sources and replacement of 20%, 50% and 
100% of natural aggregate with RCA were considered. The effect on three grades of 
concrete, C30, C60 and C80 were considered and concrete made with natural 
aggregate was used as control in all the comparison. The three grades were chosen to 
represent concrete of low, moderate and high strength. The replacement of natural 
aggregate with RCA was based on mass and not volume and the RCA were pre-soaked 
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for 24 hours and dried to SSD condition before use. The mix proportions and 
water/cement ratios were maintained the same for the respective grades of concrete, 
that is, no adjustments were made for using RCA. 
 The average compressive strength at 28 days for the grade C30, C60 and C80 
are plotted (in Figures 4.4, 4.6 and 4.8), respectively, for all the concrete with the 
various replacement percentages and different sources of RCA. In addition, Figures 4.5, 
4.7 and 4.9 show, in percentage, the compressive strength of the respective concrete 
when compared with the control. 
 In the case of grade C30 concrete, the control achieved 45.4 MPa. At 20% 
replacement, the average compressive strength of RAC from the four sources reduced 
about 4% and this reduction increases to 9% and 14% when the replacement 
percentage increase to 50% and 100%, respectively. On the other hand, the maximum 
variance of compressive strength within the four sources was about 8% for 20% 
replacement and this maximum variance increased to about 12 % and 20% respectively 
for 50% and 100% replacement.   
 On the other hand, in the case of grade C60 concrete, the control achieved 65.0 
MPa  At 20% replacement, the average compressive strength of RAC from the four 
sources reduced about 3% and this reduction increases to 11% and 17% when the 
replacement percentage increase to 50% and 100%, respectively. On the other hand, 
the maximum variance of compressive strength within the four sources was about 6% 
for 20% replacement and this maximum variance increased to about 13 % and 10% 
respectively for 50% and 100% replacement.   
  And finally in the case of grade C80 concrete, the control achieved 82.5 MPa  
At 20% replacement, the average compressive strength of RAC from the four sources 
reduced by about 12% and this reduction increases to 17% and 25% when the 
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replacement percentage increase to 50% and 100%, respectively. On the other hand, 
the maximum variance of compressive strength within the four sources was about 21% 
for 20% replacement and this maximum variance increased to about 16 % and 19% 
respectively for 50% and 100% replacement.   
 In all the concrete grades, as the replacement percentage increases, the concrete 
compressive strength decreases while the variance increases. However, unlike as in the 
case of grade C30 concrete, higher grade recycled aggregate concretes were generally 
not able to achieve the design strength. In particular, the grade C80 recycled concretes 
for all replacement percentage had compressive strength lower than 80 MPa. This is 
apparent in the case of replacement percentage of 100% where the strength reduction 
was 14% in the case of grade C30 but increased to17% and 26% in the case of grade 
C60 and C80, respectively. This shows that it becomes increasingly difficult to achieve 
higher grade concrete with RCA.  It is also noteworthy that for replacement percentage 
of 100%, grade C60 and C80 recycled aggregate concrete only achieve 53.5 MPa and 
61.3 MPa, respectively. The implication, therefore, is that to design moderate and high 
strength recycled aggregate concrete, the conventional method of concrete design may 
not be totally applicable. Some adjustments may be needed.     
 As observed earlier, the RCA from source D consistently produced concrete of 
the lowest strength in all the grades considered. This coincided with the RCA having 
the lowest particle density and highest water absorption indicating that the quantity of 
mortar adhering to this aggregate is the largest amongst the four sources. Another 
important observation is that the strength of the control concrete is the highest. 
Henceforth, from the above two observations, it can be concluded that the quantity of 
adhering mortar, and hence the particle density of the RCA, strongly dictates the 
  101
strength of the concrete. In the next chapter, the correlation of the strength with 
particle density is established. 
 In line with the observation in this study, Wu and Chen (2001) reported that the 
effect of coarse aggregates on the compressive strength is not significant for normal 
strength concrete. When an external load is applied, small microscopic cracks extend 
and interconnect until the whole structure reached failure; however the aggregate full 
potential strength was not used up for normal strength concrete. In high strength 
concrete, the strength of paste and interface of cement–aggregate bond is improved 
such that the cracks can propagate through the aggregates. In the case of RCA, the 
crack propagates through the weak adhering mortar and the interfacial zone between 
the adhering mortar and the granite aggregate. 
 Ozturan and Cecen (1997) iterated that in high strength aggregate, coarse 
aggregates play an important role in the strength. They further state that the influence 
of the type of coarse aggregate on the compressive strength of the concrete is more 
important in high strength concrete than in normal strength concrete.  Therefore, RCA 
used in high strength concrete must be of good quality, that is, with less adhering 
mortar. 
 Limbachiya et. al (2000) observed in their study that up to 30% replacement of 
natural aggregate with coarse RCA had no effect on concrete strength for up to grade 
50, but thereafter there was a gradual reduction as the RCA content increased. Based 
on the current study, it can be seen that 20% replacement for up to grade 60 concrete 
had negligible effect on the compressive strength in line with the observation of 
Limbachiya et. al,. 
  From the 28-day compressive strength of concrete from different plants, it can 
be generally said that source D had the lower compressive strength while source C had 
 102
higher compressive strength. The recycled concrete aggregates from source D was 
observed to have more attached mortar on its aggregate surfaces and as also 
demonstrated by the lower particle density. This indicates its tendency of having two 
layers of interfacial transition zone (ITZ) for concrete. As illustrated by HIN (1986) 
the recycled aggregates have weaker bond areas between old mortar and new mortar 
known. WRAP (2007) identified the two ITZ as the interface between the original 
aggregate and the adhering mortar (old ITZ) and the interface between the adhering 
mortar and the new mortar (new ITZ).   
 It believed that the adhering mortar from the original concrete plays an 
important role in determining the performance of RCA concrete, with respect to 
permeability and strength (Ryu, 2002; Otsuki et al, 2003). The old mortar adhering to 
the aggregates has a lower strength than the natural granite aggregate and it can cause 
more areas of weak bond in the recycled aggregates. Total porosity in recycled 
concrete aggregates is higher than natural aggregates due to the more porous mortar 
content (Ravindrarajah and Tam, 1985) and this is one of the factors that contribute to 
the decrease in strength of the concrete with RCA. 
 Furthermore, concrete is generally known as a strong material in compression 
but the weakest link of the concrete is the strength of the bond between the coarse 
recycled aggregates and cement paste. The bond strength between the coarse recycled 
aggregate and cement paste is weaker than the bond strength between the fine 
aggregates and cement. It means that the bond failure does not occur between the fine 
aggregates and the cement pastes (Mindness, 2003). The bond failure normally seems 
to take place around the coarse recycled aggregates particles. The bond strength can 
also depend on the aggregate size. When the aggregate size decrease, the surface to 
volume ratio of the aggregates increases and the stresses at pastes aggregates increases 
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and the stresses will cause the bond strength to be decreased (Mindness, 2003). 
Therefore stress of the bond characteristics is a significant factor on the compressive 
strength development. From the sieve analysis, Source D had finer recycled aggregate 
sizes and more mortars than other sources and the mortar can cause the compressive 
strength to be lower such that Source D has the lowest compressive strength. 
  From the results, it can be clearly seen that higher replacement of natural 
aggregate with RCA is generally associated with two main effects, when considering 
compressive strength. One, the compressive strength is reduced and two, it becomes 
more difficult to produce concrete of consistent quality. The first effect is due to the 
adhering mortar and the second effect is due to the variation in the quality of the RCA.  
 
 





Figure 4.5 Comparison of compressive strength loss of RAC 30 
 
Figure 4.6 Comparison of RAC 60 compressive strength 
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Figure 4.7 Comparison of compressive strength loss of RAC 60 
 
 
Figure 4.8 Comparison of RAC 80 compressive strength 
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Figure 4.9 Comparison of compressive strength loss of RAC 80  
 
4.2.1.2 Effect of Impurities contents 
In this section, the effect of impurities in RCA on the compressive strength of concrete 
is investigated.  As mentioned in chapter 2, 20% of natural aggregate was replaced in 
all the three grades of concrete but the impurities in the RCA varied from 0%, 20% and 
50%.  Coarse aggregate crushed from old brick collected from demolition site was 
added as impurities in the RCA. Only 20% replacement percentage was considered 
because SS 544-2009 allows 20% replacement of natural aggregate with RCA 
containing 5% impurities for concrete up to Grade C50. The study in this section 
investigates the effect of higher impurities and on higher grade concrete.    
 Figure 4.10 shows a plot of the compressive strength of the various concrete 
mixes against the control. Interestingly, the results show that the effect of higher 
impurities in RCA is only noticeable in the lower strength concrete whereas for higher 
strength concrete the addition of impurities had negligible effect on the compressive 
  107
strength. One plausible reason for this could be that in the lower strength concrete, the 
matrix is relatively weak and the contribution to compressive strength of the concrete 
by the RCA becomes significant, and therefore, when the strength of the aggregate is 
reduced, the compressive strength is affected. However, in the case of higher strength 
concrete, the observation is rather different in that when the matrix is much stronger 
and the contribution to the compressive strength of the concrete by the RCA becomes 
not very significant. 
 WRAP (2007) reported that concrete containing 100% crushed bricks had 
strength of 20% to 25% lower than that of concrete with natural aggregate concrete. 
However, WRAP report was based on moderate strength concrete only. 
 This study suggests that up to 20% impurities in the RCA did not affect the 
compressive strength of the concrete significantly. However, the effect of impurities on 


































Figure 4.10 Compressive Strength Comparison of RAC Produced Using RCA 
with different Recycled Brick (RB) contents 
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4.2.1.3 Effect of Site Production of RCA 
In this section, compressive strength of concrete with RCA produced from site and 
recycling plant is compared. 20% replacement of natural aggregate with RCA was 
adopted and three grades of concrete were studied. The particle size distribution of the 
RCA from demolition site did not comply with SS EN 12620:2008 and the aggregate 
was further sieved in the laboratory to remove the coarser aggregates to comply with 
the standard.  However, both the original and sieved RCA from the demolition site was 
used in the study. 
 Figure 4.11 shows a plot of the compressive strength of the various concrete 
mixes against the control. In the moderate and high strength concrete, using original 
RCA from demolition sites plants significantly affected the compressive strength. 
Sieving of the RCA from demolition site plant helped in the case of moderate strength 
concrete but not the high strength concrete. The effect on compressive strength was not 
noticeable in low strength concrete.    
 The aggregates from the recycling plant have more quality control measures 
than the aggregated from the demolition site plant.  In addition, the demolition site 
plant did not have the proper screening for the aggregates selection sizes. This lead to 
the aggregates produced from the demolition site plant to be larger in size than the 
plant.   
 Mindess et. al (2008) reported that compressive strength will decrease with 
increasing aggregates sizes due to the lower water cement ratio and that the larger 
aggregates sizes can induce more internal stresses tending to reduce the compressive 
strength.  This seems to be the reason for the observation in this study. However, 
despite sieving, RCA from the demolition site plant still affected the compressive 
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strength of high strength concrete.  Besides size, the quality of the RCA from the 


































Figure 4.11 Compressive strength of RAC Produced Using RCA from Recycling 
Plant and Demolition Site plant 
 
4.2.2 Splitting Tensile strength 
 
4.2.2.1 Effect of Replacement Percentage 
Compressive and splitting tensile strengths are both required in the design of structures. 
Splitting tensile strength is important for non-reinforced concrete structures such as 
dam under earthquake excitations. Tensile splitting test is used to indicate the brittle 
nature of the concrete specimens. Therefore, in the design of these structures, tensile 
strength value is more important than the compressive strength. 
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As Neville (1995) stated, concrete is very strong in compression but weak in tension.  
Although concrete behaviour is governed significantly by its compressive strength, the 
tensile strength is also important with respect to the appearance and durability of 
concrete. Mindess (2003) highlighted that the tensile strength of concrete is much 
lower than the compressive strength, largely because of the ease with which cracks can 
propagate under tensile loads. Tensile strength in concrete needs to be considered as 
cracking in concrete tends to controlled by be tensile behaviour. 
 In this section, the effect on the splitting tensile strength of concrete made by 
partially and fully replacing natural aggregate with RCA is investigated. As in the case 
of compressive strength, replacement percentage of 20%, 50% and 100% were 
considered for grade C30, C60 and C80 concrete. 
 The average splitting tensile strength at 28 days for the grade C30, C60 and 
C80 are plotted (in Figure 4.12, 4.14 and 4.16), respectively, for all the concrete with 
the various replacement percentages and different sources of RCA. In addition, Figures 
4.13, 4.15 and 4.17 shows, in percentage, the splitting tensile strength of the respective 
concrete when compared with the control. 
 In the case of grade C30 concrete, the control achieved 3.8 MPa. At 20% 
replacement, the average splitting tensile strength of RAC from the four sources 
reduced by about 9% and this reduction increases to 12% and 19% when the 
replacement percentage increase to 50% and 100%, respectively.   
 In the case of grade C60 concrete, the control achieved 4.2 MPa. At 20% 
replacement, the average splitting tensile strength of RAC from the four sources 
reduced by about 6% and this reduction increases to 11% and 19% when the 
replacement percentage increase to 50% and 100%, respectively. 
 
  111
 In the case of grade C80 concrete, the control achieved 4.7 MPa. At 20% 
replacement, the average splitting tensile strength of RAC from the four sources 
reduced by about 9% and this reduction increases to 13% and 21% when the 
replacement percentage increase to 50% and 100%, respectively. 
 For all the concrete grades, as the replacement percentage increases, the 
splitting tensile strength decreases. However, unlike in the case of compressive 
strength where the decrease in strength as replacement percentage increases was more 
significant in higher grade concrete, the decrease in splitting tensile strength as 
replacement percentage increases were relatively uniform for all the concrete grade. 
There was also no discernable trend in the variance of the splitting tensile strength with 
respect to replacement percentage and grade of concrete.   
 Concrete with RCA tend to have lower splitting tensile strength primarily 
because of the weaker adhering mortar and interfacial zone. This weakness creates a 
weak plane for tensile cracking to take place. When more RCA is used, the area of the 
weakness plane increases.  However, as the grade of the concrete does not have much 
influence on the area of the weakness plane, it may not influence the decrease in 





Figure 4.12 Comparison of splitting tensile strength of RAC 30  
 
 




Figure 4.14 Comparison of RAC 60 splitting tensile strength  
 
 
Figure 4.15 Comparison of splitting tensile strength loss of RAC 60 
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Figure 4.16 Comparison of RAC 80 splitting tensile strength  
 
 





4.2.2.2 Effect of Impurities Content  
Similar to compressive strength, the effect of impurities content on splitting tensile 
strength was investigated by varying the impurities in the RCA from 0%, 20% and 
50% in the concrete where 20% of the natural aggregate was replaced in all the three 
grades of concrete. Coarse aggregate crushed from old bricks collected from the 
demolition sites were likewise added as impurities in the RCA. Similarly only 20% 
replacement percentage was considered because SS 544-2009 allows 20% replacement 
of natural aggregate with RCA containing 5% impurities for concrete up to Grade C50. 
The study in this section investigates the effect of higher impurities and on higher 
grade concrete.    
 Unlike in the case of compressive strength, it can be seen from Figure 4.18 that 
the impurities had a significant effect on the splitting tensile strength. This effect is 
palpable in all grades of concrete and more significant at higher replacement 
percentage. As impurities such as brick aggregates are weaker in tensile strength, it is 
inclusion in the concrete is expected to reduce the splitting tensile strength of the 
concrete. This leads to the conclusion that although impurities do not significantly 










































Figure 4.18 Splitting tensile strength Comparison of RAC Produced Using RCA 
with different Recycled Brick (RB) content 
 
 
4.2.2.3 Effect of Site Production of RCA   
The effect on tensile splitting strength of concrete is similar to compressive strength as 
can be seen in Figure 4.19. Generally the aggregates produced from demolition site 
have larger sizes than the plant. Mindness et. al (2008) mentioned that the strength will 
decrease with increasing aggregates sizes due to the lower water cement ratio and the 
larger aggregates sizes can induce more internal stresses and it tends to reduce the 








































Figure 4.19 Tensile Splitting strength of RAC Produced Using RCA from 
Recycling Plant and Demolition Site plant 
 
4.2.3 Flexural Strength 
 
4.2.3.1 Effect of Replacement Percentage 
In this section, the effect on the flexural strength of concrete made by partially and 
fully replacing natural aggregate with RCA is investigated. As in the case of 
compressive strength and splitting tensile strength, replacement percentage of 20%, 
50% and 100% were considered for grade C30, C60 and C80 concrete. 
 The average flexural strength at 28 days for Grade C30, C60 and C80 are 
plotted in Figure 4.20, 4.21 and 4.22, respectively, for all the concrete with the various 
replacement percentages and different sources of RCA. 
 Generally, it was observed that flexural strength decreases as the percentage 
replacement increases. The decrease was more significant in higher strength concrete. 
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In grade C30  concrete flexural strength decrease for 20% to 100% RCA replacement 
were 3% to 18% while for grade C60 and C80 greater decreases 6% to 20% and 15% 
to 28% respectively were observed.  According to WRAP (2007) the effect of RCA 
(up to 30% by mass) on flexural strength is insignificant when compared with natural 
aggregate concrete. But at higher replacement levels, lower flexural strengths were 
recorded. 
 In this study, saturated recycled aggregates were used for producing the 
concrete specimen. The reason for using saturated RCA was to prevent the porous 
RCA from absorbing the mixing water during concrete mixing. The reduction in 
mixing water can affect the concrete workability but according to Oliveira and 
Vazquez (1996), the RAC cast with saturated recycled aggregates has lower strength 
than the reference concrete. It was also mentioned that the strength decrease was 
especially noticeable in the case of flexural strength of the concrete prepared with 
saturated aggregates. Mindess et. al (2003) observed that compared to moist curing; air 
curing reduces the tensile strength more than compressive strength.   
 Mindess et. al (2003) also mentioned that the failure of concrete in tension is 
governed by micro cracking, associated particularly with the interfacial region between 
the cement and the aggregates particles called Interfacial Transition Zone (ITZ). For 
ordinary concrete, ITZ has less crack resistance than either the aggregate or hydrated 
cement paste thus fracture occurs preferentially in the ITZ.  
 According to WRAP (2007), in natural aggregate concrete, there is only one 
ITZ.  However, two ITZ exist in RCA, the interface between the original aggregate and 
adhering mortar (old ITZ) and the interface between the adhering mortar and new 
(ITZ).  Hence, the bond between the aggregates and cement paste are weaker than 
natural aggregate concrete. Mindness et al. (2003) mentioned that the failure of 
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concrete in tension is mainly due to the propagation of bond cracks around the weak 
ITZ and that the most effective way of improving the ITZ is by the addition of 10-15% 
of silica fume by weight of cement. 
 Concrete with RCA from source D had the largest flexural strength decrease 
amongst all the specimens. It was noticed that source D had smaller aggregates 
particles with the highest water absorption and lowest particle density amongst all 
sources. As mentioned earlier, from this it can be concluded that RCA from source D 
had higher mortar content than the others. The higher mortar content will create 




Figure 4.20 Comparison of RAC 30 flexural strength 
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Figure 4.22 Comparison of RAC 80 flexural strength  
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4.2.3.2 Effect of Impurities content 
Similar to compressive strength and tensile splitting strength, the effect of impurities in 
RCA on the flexural strength of concrete was investigated. The effect of addition of 
impurities in the RCA on the flexural strength of concrete did not seem to be clear 
unlike in the case of splitting tensile strength where flexural strength reduced when 
impurities content in RCA was increased. However, as to the effect of impurities in 
RCA, the trend of flexural strength seems to be similar to compressive strength, that is, 
no significant effect was noticeable.     
 WRAP (2007) however stated that there is some evidence that the use of 
crushed brick increases tensile and flexural strength as a result of improved bond 
between the matrix and coarse aggregates. It stated that the improved bond of brick 
aggregate is attributed to the surface roughness of the aggregate. However, in this 































Figure 4.23 Effects of RB content on Flexural Strength of RAC  
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4.2.3.3 Effect of Site Produced RCA  
Unlike in the case of compressive strength and splitting tensile strength, only the 
original unsieved site produced RCA were used to compare against the performance of 
recycling plant produced RCA. RCA produced from site tends to be larger because of 
the screening system used.  Neville (2006) stated that the grading and the maximum 
size of aggregate particles influence the total surface area of the aggregate upon which 
the interface zone is formed. This in turn will have an effect on the tensile strength. On 
the contrary, as can be seen in Figure 4.24, there is no clear trend or indication of 
flexural strength of concrete being influenced by the site produced RCA even with 
larger sized aggregates. A probable reason could be that 20% replacement percentage 
may not be significant enough to show any effect. On the other hand, interestingly, 
compressive strength and splitting tensile strength of concrete seemed to have been 





































Figure 4.24 Flexural Strength of RAC Produced Using RCA from Recycling Plant 
and Demolition Site plant 
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4.2.4 Modulus of Elasticity 
 
4.2.4.1 Effect of Replacement Percentage 
In this section, the effect on modulus of elasticity of concrete when natural aggregate is 
replaced with RCA is explored. Similar to compressive strength investigation, 20%, 
50% and 100% of natural aggregate was replaced with RCA and three grades of 
concrete specimen, namely grade C30, C60 and C80 were cast. The modulus of 
elasticity was determined by loading concrete cylinders up to 40% of its compressive 
strength and measuring its stress and strain.   
 Figures 4.25 to 4.27 show the modulus of elasticity plotted against the 
replacement percentage for all the three grades of concrete made with RCA from the 
four sources.  Figure 4.28 shows the stress strain plot obtained in the test. The stress 
strain plot is linear up to 40% of the compressive strength of the concrete hence 
validating the elasticity modulus.   
 From the figures, it is very clear that RCA reduces the modulus of elasticity of 
concrete.  It can be seen that the average modulus of elasticity of concrete with RCA 
from the four sources decreases from about 3% to 9% when the replacement 
percentage is increased from 20% to 100% irrespective of the concrete grades. 
Furthermore, aggregate from source D seems to produce concrete with a low modulus 
at higher grades. As mentioned earlier, aggregates from source D is found to have low 
particle density and hence greater amount of adhering mortar resulting in RAC of 
strength lower than the others. Notably, the effect of RCA replacement percentage on 
modulus of elasticity is not as significant as on compressive strength where decrease of 
up to 26% was observed.      
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 This finding contradicts with Portland Cement Associations (2002) findings, 
which mentioned that the modulus of elasticity of the concrete was about 35% lower 
than the modulus values of the reference concrete. However, Gerardu and Hendriks 
(1985) reported a maximum of 15% lower modulus of elasticity of recycled aggregate 
concretes made with coarse recycled aggregate and natural sand when compared with 
corresponding conventional concretes. 
 The reduction in the modulus of elasticity is due to the lower modulus value of 
RCA compared to the natural aggregate as reported by Tam et. al (2007). Moreover, 
the total porosity of the recycled aggregate concrete is higher than that of the original 
concrete due to the  larger amount of porous mortar attached on the surface of RAC. 
Corinaldesi et. al (2001) also mentioned that the modulus of elasticity depends on the 
presence and amount of voids in the concrete and it does not depend on the quality of 
interfacial zone between the pastes and aggregates. 
 However, Neville (2006) found that the modulus of elasticity of concrete is 
affected by both the modulus of elasticity of aggregate and the volumetric content of 
aggregate in the concrete. The reason is due to the bond present between the aggregate 
and the matrix mortar. The bond depends on the interface zone which is the locus of 
early micro cracking. Micro cracking is relevant to the shape of the stress-strain curve 
of concrete. For RAC there are two interface zones present (WRAP, 2007). Hence the 
bond effects will be more than NAC. This could be the reason why the lower modulus 
is observed with more RCA replacement. 
 The other reason that can affect the modulus of elasticity is the density of the 
concrete. At a constant aggregate content by volume, the density of concrete increases 
with an increase in the density of aggregate (Neville, 2006). From the results, it is 
found that the control NAC concrete has higher density than RAC. The RAC has lower 
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density values because the old mortar is attached on the surface of RAC. The old 
mortar present on the aggregate surface is more porous and weaker than new hardened 
concrete. Hence when load is applied to the specimen, more strain is detected because 
the specimen displaced more.  More strain, at constant stress rate will result lower 








Figure 4.26 Modulus of Elasticity Comparison of RAC 60  
 
 
Figure 4.27 Modulus of Elasticity Comparison of RAC 80  
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Figure 4.28 Stress and Strain Analysis 
 
4.2.4.2 Effect of Impurities Contents    
The effect on the modulus of elasticity of concrete when impurities in RCA were 
increased is investigated in this section. Similar to the above studies, 20% of the 
natural aggregate was replaced with RCA which contains different level of impurities.  
Aggregates crushed from old bricks collected from demolition sites were used as 
impurities. 
 The results in Figure 4.29 show that the modulus of elasticity is significantly 
affected when the impurities content is increased in the higher grade concrete. This 
effect is not significant in the lower grade concrete. At lower impurities content, the 
amount of impurities may be too little to cause any noticeable effect. 
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 As modulus of elasticity of concrete depends on the modulus of elasticity of the 
matrix and aggregates, the lower modulus of brick aggregate would cause the modulus 
of concrete to decrease. However, this was not significant in lower grade concrete 
because the modulus of the matrix itself was low.  


































Figure 4.29 Effects of RB content on modulus of elasticity of RAC 
 
4.2.4.3 Effect of site production of RCA  
As observed earlier, the effect of replacing 20% of natural aggregate with RCA had 
negligible effect on the modulus of elastic of concrete resentencing only about 3% 
decrease in value. In this study only 20% of natural aggregate was replaced with RCA 
produced in the recycling plant or at the demolition site. The RCA from the demolition 
site were further sieved to remove the larger aggregates. 
 There was no noticeable trend of the effect of recycling plant and demolition 
site produced RCA on the modulus of elasticity of concrete. The variance was too 
small to be considered significant. The results in Figure 4.30 show that as 20% 
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replacement was found to have negligible effect on modulus of elasticity; this could be 



































Figure 4.30 Modulus of Elasticity of RAC Produced Using RCA from Recycling 
Plant and Demolition Site plant  
 
4.2.5 Correlations between Mechanical Properties of Recycled Aggregates 
 Concrete 
 
4.2.5.1 Relationship between Compressive Strength and Splitting Tensile
 Strength  
The splitting tensile strength test is often used to obtain the tensile strength of normal 
concrete. In practical applications, the tensile strength is estimated from the 
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compressive strength. Mindess and Young (2003) explained that the relationship 
between tensile and compressive strength is complicated.  It depends on the age and 
strength of concrete, type of curing, aggregate type, amount of air entrainment and 
degree of compaction. Marzouk and Chen (1995) stated that tensile strength increases 
as compressive strength increases. However, the tensile strength increases at a much 
smaller rate when compared to the increase of compressive strength.  
 Neville (1981) reported that even with the same qualities of mortar, there are 
still other factors that control the strength such as different aggregates types with 
different shape, texture and mineralogy. For high strength concrete greater than 40 
MPa with water cement ratio less than 0.4, the strength of the mortar and the bond is 
comparable to the strength of the aggregate and it is necessary to use a coarse 
aggregate of higher strength and proper textural and mineralogical characteristics to 
improve the strength of the concrete. On the other hand, splitting tensile strength is 
mostly influenced by the strength of mortar as well as the surface characteristics of the 
aggregates. In conclusion, the quality of aggregates is more significant in high strength 
concrete. 
 Normal aggregate concrete, compared to RCA, tends to have higher flexural 
and splitting tensile strengths probably due to better bonding of aggregate particles to 
the mortar. This indicates that the interfacial bond strength depends on the surface 
characteristics of the coarse aggregates, the strength of the mortar and the quality of 
the interfacial zone, which may be improved by using silica fume and reducing the 
water-cement ratio, according to Ozturan and Cecen (1997). Splitting tensile strength 




 The relationships between the splitting tensile strength and the compressive 
strength for normal aggregate concrete given in Table 4.1 are provided in ACI Code 
(ACI, 2002) and EC2 Code (BSI, 2004). The corresponding results of RCA concrete 
from this study are plotted in Figure 4.31 to check its compliance with the relationships 
provided by ACI and EC2.  
 
Table 4.1 ACI and EC2 Equation for NAC 
ACI equation EC2 equation 
fct = 0.49× fcu 0.5 fct = 0.3×fck (2/3)   ≤  C50/60 
 fct =2.12·In(1+(fck / 0))  > C50/60 
 
 It can be seen in Figure 4.31 that the relationship provided by EC2 represents 
the splitting tensile and compressive strength of RCA more accurately than the ACI. 
But nevertheless, EC2 slightly under-estimates and over-estimates the splitting tensile 
strength for lower and higher grade RCA concrete, respectively. On the other hand, 
ACI grossly under-estimates the splitting tensile strength. However, on the hindsight, 
this can be considered to be conservative. 
 In this study, the following relationship of the splitting tensile strength and the 
compressive strength of the recycled aggregate concrete can be provided by 
 
 fct = 0.53fcu0.52 (4.1) 
 
 It is noteworthy that the replacement percentage does not affect the relationship 
significantly which implies that the effect of RCA replacement on the splitting tensile 

































Figure 4.31 Relationship between the Splitting tensile strength and the 
compressive strength of RAC 
 
4.2.5.2 Relations between Splitting tensile strength and RCA flexural strength of 
 RCA 
The flexural strength of concrete, besides splitting tensile strength, is another 
mechanical property which is often used to estimate the tensile strength of concrete. 
The test results of the flexural strength of the recycled aggregate concrete obtained in 
this study is plotted against the corresponding splitting tensile strength in Figure 4.32. 
It can be seen that the flexural test yields a higher value of tensile strength than the 
tensile splitting test. 
 According to Neville (1981), the stress in the concrete is assumed to be 
proportional to the distance from the neutral axis of the beam when calculating the 
flexural strength. The actual stress block under loads nearing failure is known to be 
parabolic and not triangular. Therefore, the flexural strength overestimates the tensile 
strength of concrete and gives a higher value than results obtained from a tensile 
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splitting test. On the other hand, in splitting tension, nearly the total volume of the test 
specimen is subjected to the tensile stress, so that the probability of a weak element 
occurring is high. Lastly, in the flexural strength test, the maximum stress reached may 
be higher than in the indirect tension because the propagation of a crack is blocked by 
less stressed portion of concrete nearer to the neutral axis.  
 The ACI and EC2 provide the relationship between splitting tensile strength 
and flexural strength of normal aggregate concrete as follows: 
 
 ff  =  max (1.6-h/1000) fct  (EC2) (4.2) 
 
 ff = 1.1 fct (ACI) (4.3) 
 
 These relationships are also plotted in Figure 4.32 to check the compliance of 
RCA concrete with these relationships. The figure shows that ACI grossly under-
estimates the flexural strength while the EC2 marginally over-estimates the flexural 
strength for the higher grade concrete and under-estimates for lower grade concrete. 
 Unlike in the case of compressive strength and splitting tensile strength, the 
effect of RCA on the splitting tensile strength and flexural strength of RCA concrete 
may not be proportionate. This trend was also observed in the earlier sections. 
 The relationship between the splitting tensile strength and the flexural strength 
of the recycled aggregate concrete in this study can be derived as 
 
 ff = 0.75fct1.46 (4.4) 
 































Figure 4.32 Relationship between flexural strength and Splitting tensile strength 
of RAC 
 
4.2.5.3 Relationship between Compressive Strength and Elastic Modulus 
The relationships between the main mechanical properties of recycled aggregate 
concrete are important issues for the design, construction and analysis of structures 
when this kind of material is used. In the case of normal concretes, the relationships 
between their mechanical properties have been well established and described in detail 
within various design codes, standards and handbooks. However, some previous 
studies have indicated that such existing relationships for normal aggregate concrete 
may not be valid for recycled aggregate concrete (Xiao et. al, 2005).  
 Tabsh and Abdelfatah (2009) mentioned that recycled aggregate concrete has a 
compressive strength of at least 60% to 100% of the control mix. However, for the 
high strength concrete, the modulus of elasticity of aggregate has a greater influence 
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on the modulus of concrete. There is no simple relation between the modulus of 
elasticity of high-strength concrete and its compressive strength, hence, the modulus of 
elasticity of high-strength concrete should not be assumed to have a fixed relation to its 
compressive strength (Neville, 2006). 
 ACI and EC2 provide the following equations to relate the modulus of 
elasticity of concrete to the cube compressive strength for normal aggregate concrete 
 
 ACI,    E = 4127 fcu 0.50 (4.5) 
 
 EC2,    E= 9.5 (0.8fcu + 8) (1/3) (4.6) 
 
 In Figure 4.33, the cube compressive strength of RCA concrete together with 
the corresponding modulus of elasticity are plotted together with the two equations 
provided by ACI and EC2. The ACI equation seems to be more representative of the 
results in this study whereas EC2 tends to over-predict the modulus of elasticity. 
Notwithstanding this, the ACI also tends to marginally under and over-predict the 
modulus of elasticity for lower and higher grade concrete, respectively. However, 
considering the fact that the volume of RCA in these concrete varies greatly, that is 
corresponding to replacement percentage from 0 to 100%, these relatively close 
prediction by ACI implies that the mechanical characteristics of the RCA concrete is 
not altered much by the RCA.   
 The following relationship was derived from the RCA concrete in this study to 
estimate the modulus of elasticity from the cube compressive strength; 
 































Figure 4.33 Relationship between Modulus of Elasticity and compressive strength 
of RAC  
 
4.2.5.4 Relationship between Compressive Strength and Flexural Strength  
Mindness et. al (2003) reported that flexural strength of concrete is only about 10% of 
its compressive strength. The reason being the ease with which cracks can propagate 
under tensile load. Similarly another literature reported that there exists a tendency that 
the flexural strength increases with increasing the compressive strength (Xiao et. al, 
2005).  When the concrete is loaded in bending, the crack propagates through its 
leading edge often with multiple branching microcracks that combine into single 
macrocrack as the tensile displacement increases. Depending on the relative tensile 
strength of the mortar, the aggregate, and the ITZ, the failure surface may be smooth or 
rough. As the relative strength of the aggregate increases, the failure surface becomes 
progressively more uneven, usually resulting in higher tensile strength and improved 
fracture properties.  
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ACI and EC2 provided the following relationship for cube compressive strength and 
flexural strength: 
 ff=0.54 x√fcu   (ACI) (4.8) 
 
 ff=0.35 fcu(2/3)   (EC2) . (4.9) 
 
Figure 4.34 shows a plot of the results from this study together with ACI and EC2 
relationships. The ACI grossly under-estimates the flexural strength whereas the EC2 
under-estimates the flexural strength at higher concrete grade but estimates relatively 
well for lower grade concrete. The following equation better represent the relationship 
between cube compressive strength and flexural strength in this study. 
 































Figure 4.34 Relationship between flexural strength and compressive strength of 
RAC  
 138
4.2.6 Drying shrinkage  
Drying shrinkage is the strain caused by the loss of water from the hardened material.  
Knowledge of the shrinkage characteristics of concrete is a necessary starting point in 
the design of structures for crack control. Such knowledge will enable the designer to 
estimate the probable shrinkage movement in reinforced or prestressed concrete and 
appropriate steps can be taken in design to accommodate this movement. Inadequate 
allowance for the effects of drying shrinkage in concrete design and construction can 
lead to cracking or warping of elements of the structure due to restraints present during 
shrinkage (Mindess, 2003). 
 In this study, the drying shrinkage of grade C30, C60 and C80 RCA concrete 
was investigated.  The effect on drying shrinkage of replacing 20%, 50% and 100% of 
natural aggregate with RCA was also investigated. In addition, the effect of increasing 
the impurities in RCA was also investigated. The drying shrinkage was monitored over 
a period of 180 days under a controlled temperature of 30oC and relative humidity of 
65%.  Concrete with 100% natural aggregate was used as control for all the respective 
concrete grades.   
 Figure 4.35 presents the drying shrinkage of grade C30 concrete monitored 
over a period of 180 days, containing 0%, 20%, 50% and 100% of RCA as 
replacement of natural aggregate.  The volumetric RCA content in the concrete is 
0.079, 0.197 and 0.394 m3/m3 of concrete for 20%, 50% and 100% respectively. This 
resulted in 15%, 17.2% and 20% higher shrinkage when compared to the control 
concrete with no RCA.  The maximum drying was 790 με for concrete with 100%. 
When 20% and 50% of impurities were added to the RCA in the concrete with 20% 
RCA, the drying shrinkage increase by 15.9% and 16.7% respectively when compared 
to the control.  From the results, it can be seen that the ACI prediction are lower than 
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the recycled aggregate concrete values. 
 Likewise, Figure 4.36 presents the drying shrinkage of grade C60 RCA 
concrete monitored over a period of 180 days and containing 0%, 20%, 50% and 100% 
of RCA as replacement of natural aggregate. Although the volumetric RCA content in 
the concrete is similar to grade C30 concrete, lesser absolute drying shrinkage was 
observed due to higher compressive strength of the concrete. The maximum shrinkage 
of 684 με was observed for concrete with 100% RCA. However, for 20%, 50% and 
100% replacement percentage, the increase in drying shrinkage was 10%, 16.2% and 
20% respectively when compared with the control concrete. This trend is marginally 
lower than grade C30 concrete.  When 20% and 50% impurities was added to the RCA 
in the concrete with 20% RCA, the drying shrinkage increased by 11.6% and 13.7% 
respectively when compared to the control. This is higher when compared to concrete 
with no impurities. From the results, it can be seen that ACI prediction was of a similar 
magnitude to those observed.   
 Similarly, Figure 4.37 presents the drying shrinkage of grade C80 RCA 
concrete monitored over a period of 180 days and containing 0%, 20%, 50% and 100% 
of RCA as replacement of natural aggregate. Although the volumetric RCA content in 
the concrete is similar to grade C30 and C60 concrete, even smaller absolute drying 
shrinkage was observed due to much higher compressive strength of the concrete. The 
maximum shrinkage of 568 με was observed for concrete with 100% RCA. However, 
for 20%, 50% and 100% replacement percentage, the increase in drying shrinkage was 
8.6%, 13.9% and 19.2% respectively when compared with the control concrete. This 
trend is marginally lower than grade C30 and C60 concrete.  When 20% and 50% 
impurities was added to the RCA in the concrete with 20% RCA, the drying shrinkage 
increased by 10.6% and 12.4% respectively when compared to the control.  This is 
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higher when compared to concrete with no impurities. From the results, it can be seen 
that ACI prediction was higher than those observed in this study. 
 It is observed that the drying shrinkage generally increased with RCA content. 
Mass losses are direct proportional to the drying shrinkage and it should be noticed 
that a concrete with w/c ratio of 0.58 and containing 100% of RCA will experience the 
highest mass losses (see in Figure 4.38 to Figure 4.40). This is probably due to more 
free water stored by a higher content of RCA, as well as the possible shrinkage of the 
RCA itself that has relatively lower modulus elasticity (Yamato, T et al, 1998). 
Furthermore, impurities such as bricks has greater tendency to absorb water and hence 
with more impurities, higher drying shrinkage was observed. 
 Aggregates also play an important role in concrete where the stresses at the 
cement paste-aggregate interface due to drying shrinkage increase as the maximum 
aggregate size increases. These higher internal stresses will increase the amount of 
cracking in the interfacial region (Mindess, 2003). This may suggest that the RCA 
content in concrete plays an important role in the early age drying shrinkage rate, 
whereas the final drying shrinkage values can be controlled mainly by the properties 
and content of the cement paste in the concrete. 
 Summarising for drying shrinkage, the magnitude of shrinkage was clearly 
affected by the RCA content (see in Figure 4.41), this effect was firstly associated with 
the high moisture content capacity of the RCA which when drying out resulted in 
increased shrinkage strains, and secondly with the increased cement content with a 
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Figure 4.41 Percentages of Drying Shrinkage Recycled Aggregates Concrete over Conventional Concret
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4.3 Durability Properties of Recycled Aggregates Concrete 
Recycled aggregate is more porous compared to natural aggregate, which is considered 
as being an impervious inert filler. Increased porosity of recycled aggregate may lower 
the bond strength between the cement paste and the aggregate (i.e., interfacial 
transition zone), thereby leading to a loss in concrete strength, an increase in ion 
penetrability and presumably a reduction in corrosion resistance. Recycled aggregates 
will exhibit more than 6000 coulombs. (K.Y. Ann et. al, 2008) 
 
4.3.1 Rapid Chloride Permeability Test  
The rapid chloride permeability test has been largely used in recent years to evaluate 
the protection provided by concrete for steel reinforcement. The ASTM C 1202-05 
rapid chloride permeability test (RCPT) results of the concretes are given in Figure 
4.42. The charge passed increased with an increase in the recycled aggregates content. 
The charges passed through according to ASTM C 1202, the Grade 30 RCA were all 
within the range over 4000 coulombs which was classified as “high” chloride 
penetrability; Grade 60 RCA were mostly within the range from 2000 to 4000 
coulombs which was classified as “moderate” chloride permeability; Grade 80 RCA 
were all within the range from 2000 to 4000 coulombs which was classified as 
“moderate”. Apart from the capillary pores in the cement matrix, the continuous 
porosity at the interfacial transition zone between cement paste and recycled aggregate 
provides a well-networked path for ions (Oh et al., 2002), which may be held 
responsible for increased accessibility of aggressive ions into the concrete body.  
 The effect of water/cement ratio on rapid chloride permeability can be seen; 
decreasing water/cement ratio from 0.59 to 0.3 caused a reduction in the RCPT value. 

























better protection for the steel reinforcement; a higher replacement of RCA will give a 
higher coulomb value while additional 20% (B20) and 50% (B50) old bricks as 
impurities in 20% RCA replacements showed a greater influence with an increase in 
the coulomb value. Therefore, higher coulomb values at the completion of the test 
indicate higher permeability. The original researchers found good correlation between 
the coulomb values and the results of ponding tests performed on specimens from the 
same mixture for a wide variety of concretes (Karthik and Colin, 2006).  
 
 
Figure 4.42 Rapid chloride permeability test results of concretes with various 
RAC 
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CHAPTER 5 





Natural aggregates are produced by crushing rocks such as granites into desired sizes.  
The properties of the parent rocks are usually very consistent leaving the cause of the 
variability in the physical properties of the aggregates to the production process. Since 
the production process of natural aggregates are also relatively consistent, the 
properties of the natural aggregates are usually very uniform. Therefore, the 
contribution of the properties of aggregate to the variability in the performance of 
concrete produced is not very significant. The consistency in the performance of 
concrete with natural aggregate is more affected by other factors such as the quality of 
cement, batching, mixing, placing and compacting.   
 Unlike natural aggregates, RCA are produced from demolition waste, the 
quality of which varies widely. The process involves first the demolition followed by 
sorting, crushing and screening. These result in the properties of the RCA varying 
considerably too. The variability in the properties of the RCA is primarily due to the 
content of impurities and the quality and quantity of old mortar adhering to it. As the 
performance of concrete is governed by the properties of the aggregates, the 
performance of concrete produced with RCA is also expected to vary considerably 
when compared with natural aggregate concrete. Unlike in natural aggregate concrete, 
one additional factor is the variability in the properties of RCA itself, will contribute to 
non-consistency in the performance of the concrete produced.   
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 The results in chapter 4 demonstrate the effect that RCA have on the properties 
of RCA concrete. However this information alone may not be very useful unless the 
extent to which the properties of RCA may vary is known. To estimate the extent to 
which the properties of locally available RCA may vary and the effect this variability 
will have on the performance of RCA concrete, a separate study was carried. 
 In this study, RCA from the same four sources were collected at a frequency of 
once a month over a period of 6 months. In so doing, the variability in properties due 
to different sources and RCA produced at different times can be observed. Furthermore, 
this is effectively a random sampling to study the consistency in the RCA properties as 
well as the performance of the RCA concrete.   
 The properties of the RCA collected, mainly the particle density, water 
absorption, masonry content and Los Angeles value, were determined by the 
procedures explained in chapter 2. In addition, recycled aggregate concrete with 20% 
and 100% of the natural coarse aggregate replaced with RCA were produced and the 
28-day cube compressive strength determined. Only the cube compressive strength 
was considered in this study because this property of concrete is generally a good 
indication of the overall performance of the concrete. 
 
5.2 Properties of Recycled Concrete Aggregates 
The masonry content of the RCA collected over a period of 6 months is plotted in 
Figure 5.1. As can be seen, masonry contents of all the aggregates collected were 
below the 5% limit stipulated in SS 544:2009 for the aggregates to be classified as 
recycled concrete aggregate (RCA). For masonry content above 5%, the aggregate 




Figure 5.1 Masonry content 
 
 The masonry content of the RCA ranged from the lowest of 1.6 % to the 
highest of 3.1% and incidentally the RCA with the lowest and highest masonry content 
came from the same source while the RCA from another source had relatively 
consistent masonry content.  This seems to suggest that the quality control in the 
production process varies between the sources.  The average masonry content of the 
RCA in the 6 month period was about 2.4%.    
 The water absorption of the RCA collected over the period of 6 months is 
plotted in Figure 5.2.  The average water absorption was about 6.1% and this is 
relatively high in comparison with water absorption of NA which is about 0.8%.  The 
highest and lowest water absorption observed during the 6 month period is about 2.7% 
and 7.5%, respectively.  This can be a great concern because the water absorption of 
aggregate can greatly affect the performance of the concrete.  It is also interesting to 






























compared to the other sources.  However, the relationship of water absorption of the 




Figure 5.2 Water Absorption Capacities  
 
 Figure 5.3 shows the particle density of RCA collected over the 6 months 
period. The average particle density is about 2253 kg/m3 while the lowest and highest 
over the period is 2212 kg/m3 and 2300 kg/m3 respectively. This value is relatively low 
when compared to the particle density of natural aggregates which is about 2580 kg/m3. 
The particle density gives an indication of the quantity of old mortar adhering to the 
aggregate which also dictates the quality of the RCA. 
 Figure 5.4 shows the Los Angeles (LA) value of the RCA collected over the 6 
months period. The average LA value is about 34 while the lowest and highest over the 
period is 28 and 39 respectively. The LA value of natural aggregate is about 27. In the 
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Figure 5.3 Particle Density   
 
 



























































 Water absorption of RCA is governed by the quantity and porosity of the 
adhering mortar while particle density is governed by the quantity, and LA value is 
governed by the quantity and quality of the adhering mortar. Looking at Figures 5.2, 
5.3 and 5.4 collectively, it is clear that the four sources produce RCA of varied 
properties. This could be due to the production process and the machineries used. 
Furthermore, the properties of the RCA also varied within each source during the 6 
months period implying that the quality of the parent materials, which is the 
demolition waste, is also varied.    
 Taking one step further, the LA value of the RCA collected over the 6 months 
period was plotted against the corresponding particle density as shown in Figures 5.5.  
As the particle density is governed by the quantity whereas the LA value is governed 
by both the quantity and quality of the adhering mortar, Figure 5.5 seems to suggest 
that either the quality of the adhering mortar is consistent or the influence of the 
quality of the adhering mortar on the LA value is quite insignificant. The latter is 
probably more correct.  Figure 5.5 also suggest that the LA value and particle density 
can be used as an indicator of the RCA concrete performance since they are directly 
related to the quantity of the adhering mortar. Furthermore, LA is also a direct test of 



























































































Figure 5.5  Correlation of LA value and particle density of RCA 
 
5.3 Properties of Recycled Aggregates Concrete 
Figure 5.6 shows the cube compressive strength of concrete made by replacing 20% 
and 100% of natural aggregate with RCA collected over the 6 months period.  It can be 
seen, that the lowest compressive strength for 20% and 100% RCA replacement is 44.2 
MPa and 38.8 MPa respectively while the highest compressive for 20% and 100% 
RCA replacement is 46.9 MPa and 43 MPa respectively. When compared with the 
control which achieves a strength of 47.2 MPa, the percentage reduction of the strength 
of the concrete with 20% of RCA ranges from 0.8% to 6.4% while for the concrete 
with 100% of RCA the range is from 7.5% to 17.8%.   
 158
Figure 5.6 Compressive strength of 6 months RAC 
 
 The standard deviation and characteristic strength of the concrete was 
computed based on the specimen cast over the 6 months. This would reflect the effect 
of quality of the RCA on the consistency of the concrete strength assuming that the 
batching, mixing and compacting is consistent.  The results for concrete with 20% and 
100% of RCA is given in Table 5.1. 
 
Table 5.1 Standard Deviation of Recycled Aggregates Concrete 
Replacement Percentage 20% 100% 
Standard Deviation 0.923 1.142 
Characteristic Strength (MPa) 44.0 39.1 
  
 Concrete batching plants usually assumes a standard deviation of 4 - 6 MPa for 
the production of concrete. Comparing with this, the standard deviation obtained above 






























both 20% and 100% replacement even when the quality of RCA may vary. The better 
consistency and workmanship in the laboratory controlled environment could have 
also contributed to the low standard deviation but nevertheless the ability to produce 
consistent quality concrete with locally supplied RCA is still viable. However, a 
decrease in characteristic strength should be anticipated when replacing natural 
aggregate with RCA and necessary adjustments can be made in the mix design, 
accordingly. 
 In Figure 5.7, the LA value and the particle density of RCA is plotted against 
the compressive strength of the concrete with 100% of the natural aggregate replaced 
with RCA.  The plot shows that a linear relationship exists between the compressive 
strength and LA value as well as particle density. However, this relationship should 
only be applicable within the range of the concrete strength and 100% replacement of 
natural aggregate with RCA. But nevertheless, this relationship, when obtained for 
other strength range and replacement percentage, can be used for quality control as 
well as a guide for concrete mix design.  From the particle density or the LA value of 
the aggregate, the quality of the RCA can be assessed and the mix design can be 










































































































Los Angeles Particle Density
 
Figure 5.7 Compressive strength of 6 months 100% RAC 
 
 To further explore the feasibility of using the particle density as a parameter to 
aid concrete mix design, a plot of concrete strength ratio (CSR) and particle density 
ratio (PDR) was developed.  The CSR is the ratio of the compressive strength of RCA 
concrete to the control while PDR is the ratio of the particle density of RCA to natural 
aggregate.  In Figure 5.8, the CSR and PDR of the concrete with 20% and 100% of 
natural aggregate replaced with RCA is plotted for the concrete cast during the 6 
months period.  Interestingly, the relationship of CSR versus PDR is relatively linear.  
If the gradient of the relationship is denoted as KM,N where K is the gradient of the 
relationship, M is the nominal grade of concrete and N is the replacement percentage, 





  (CSR) = KM,N (PDR) (5.1) 
 
 fcu(RCA) = KM,N (PDR) fcu (control) (5.2) 
 
where fcu(RCA) and fcu(control) is the cube compressive strength of the concrete with 
RCA and control concrete.  With the above equation, the cube compressive strength of 
the RCA concrete can be predicted from the particle density and the necessary mix 


























Figure 5.8 Aggregate Density Ratio over Compressive Strength Ratio 
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CHAPTER 6 





Based on the study the following can be concluded: 
 
i. All the properties of RCA indicate that it is less suitable for structural concrete 
when compared with natural aggregate. The undesirable properties of RCA are 
primarily contributed by the quantity and quality of the adhering mortar.  The 
negative effect can be mitigated by partial replacement of natural aggregate 
with RCA.  The desirable replacement percentage can vary for different 
applications.    
 
ii. Concrete designed based on the available design methodologies will result in 
lower strength when natural aggregate is replaced with RCA. The strength will 
decrease further when the RCA replacement percentage is increased. To 
achieve the target strength, the mix design may have to be adjusted, 
accordingly. Nevertheless, not all the performance of the concrete can be 
restored when the target strength is achieved. The concrete will still be inferior 
when performances such as drying shrinkage and resistance to wear are 
considered. 
 
iii. Increasing the replacement percentage of natural aggregate with recycled 
concrete aggregate decreases the compressive strength, flexural strength, 
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splitting tensile strength and modulus of elasticity of concrete. However, the 
effect on compressive strength and flexural strength were more severe for 
higher grade concrete, but not splitting tensile strength and modulus of 
elasticity. The effect of replacement percentage on splitting tensile strength and 
modulus of elasticity seems to be relatively of consistent for the low, moderate 
and high strength concrete tested. 
 
iv. Given the compressive strength, the equation provided by EC2 predicted the 
flexural and splitting tensile strength of RCA concrete with more accuracy 
compared to ACI equation.  However, the ACI equation predicted the modulus 
of elasticity more accurately. 
 
v. Particle density of RCA is a good indicator of the performance of RCA 
concrete. A linear relationship was observed between particle density and cube 
compressive strength of RCA concrete tested. This relationship can be used as 
a tool for quality control as well as a guide for making the necessary 
adjustments in mix design. 
 
vi. The quality of the RCA from four local recycling plants varies significantly 
from source to source and from time to time. The variability, however, does not 
significantly affect the consistency in the performance of the concrete produced 
from these RCA. Nevertheless, to achieve the target strength, the mix design 




vii. The increase in impurities content in RCA increases the drying shrinkage 
capacity of RCA concrete significantly. This is mainly due to the high water 
absorption of the impurities. In addition, increase in impurities also reduces the 
modulus of elasticity but had no significant effect on the compressive strength 
of the RCA concrete. 
 
viii. Recycled concrete aggregates (RCA) produced on site are generally larger in 
particle size and can result in RCA concrete with a lower compressive strength,  
 
ix. Generally RCA can lead to higher ASR expansion compared to coarse natural 
aggregate. This higher expansion, however, may be due to the higher alkalinity 
and not the presence of reactive silica. However, the ASR expansion is 
observed to be well within the allowable limit. 
 
x. RCA affects the workability of concrete even if the RCA has been pre-soaked 
to SSD condition, probably due to the presence of adhering mortar which 
resists flow. 
 
xi. All RCA concrete had higher drying shrinkage for all grades and replacement 
percentage, when compared with the control concrete made with natural 
aggregate. The drying shrinkage was higher when the concrete grade is lower 
and the replacement percentage is higher. Nevertheless, the highest drying 
shrinkage observed in grade C30 concrete with 100% replacement percentage 
was only about 20% higher than the drying shrinkage of the control concrete at 
180 days. 
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xii. Higher replacement percentage of natural aggregate with RCA increases the 
chloride penetration in the concrete. Increase in impurities present in the RCA 
further increases the chloride penetration. 
 
6.2 Recommendations 
The following are recommended to be further studied:  
 
i. This study is confined primarily to the mechanical performance and shrinkage 
capacity of the RCA concrete. The study should be extended into the durability 
of the RCA concrete, such as water absorption and carbonation. 
 
ii. RCA generally is understood to have weak ITZ zones. Studies should be 
extended to use mineral admixtures such as silica fumes to improve the 
strength of the ITZ zones and hence improve the performance of the concrete. 
 
iii. Besides plain concrete, the effect of RCA on reinforced concrete should also be 
studied in components such as beams, column and slabs. 
 
iv. The quality of RCA produced by the different sources varies. The root cause 
for the variability in the properties of RCA produced should be identified and 
measures to address these causes should be investigated. This would enable the 
supply of RCA that is more consistent in quality and increase the confidence 
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A1. Classification Categories for Coarse RA and RCA 
 
Extract from SS EN 12620: 2008 (Amendment 1:2009) 
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Extract from SS EN 12620: 2008 (Amendment 1:2009) 
 
A2. Classification of Coarse RA and RCA 
 






A3. Usage Criteria for RCA 
 
Extract of Clause 4.3 from SS 544:2009 
 
A4. Usage Criteria for RCA & RA 
 
Extract of Clause 6.2.2 from SS 544:2009 
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A6. Additional limitations on Usage of RA 
  
Extract of Additional Note 6 of Clause 4.3, SS 544:2009 
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APPENDIX B 
Some investigations have been done on the Influence of Recycled Aggregate on 
Interfacial Transition Zone. All the aggregates spotted by red circles have taken for 
microscope structure images. 
  
Microstructure of concrete prepared with NA (P0) 
  
Microstructure of concrete prepared with P20 RCA 
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Microstructure of concrete prepared with P50 RCA 
 
  









Microstructure of concrete prepared with P20 RCA (with 50% of bricks) 
 
